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1.1 The International Energy Agency

The International Energy Agency (IEA) was established in 1974 within the
framework of the Organisation for Economic Co-operation and Development
(OECD) to implement an international energy programme. A basic aim of
the IEA is to foster international co-operation among the 29 IEA participating
countries and to increase energy security through energy research, develop-
ment and demonstration in the elds of technologies for energy ef ciency and
renewable energy sources.

1.2 The IEA Energy in Buildings and Communities
Programme

The IEA co-ordinates international energy research and development (R&D)
activities through a comprehensive portfolio of Technology Collaboration Pro-
grammes. The mission of the Energy in Buildings and Communities (EBC)
Programme is to develop and facilitate the integration of technologies and pro-
cesses for energy ef ciency and conservation into healthy, low emission, and
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sustainable buildings and communities, through innovation and research. (Un-
til March 2013, the IEA-EBC Programme was known as the Energy in Build-
ings and Community Systems Programme, ECBCS.)

The research and development strategies of the IEA-EBC Programme are de-
rived from research drivers, national programmes within IEA countries, and the
IEA Future Buildings Forum Think Tank Workshops. The research and devel-
opment (R&D) strategies of IEA-EBC aim to exploit technological opportunities
to save energy in the buildings sector, and to remove technical obstacles to
market penetration of new energy ef cient technologies. The R&D strategies
apply to residential, commercial, of ce buildings and community systems, and
will impact the building industry in ve focus areas for R&D activities:

« Integrated planning and building design
 Building energy systems

* Building envelope

e Community scale methods

 Real building energy use

1.3 The Executive Committee

Overall control of the IEA-EBC Programme is maintained by an Executive
Committee, which not only monitors existing projects, but also identi es new
strategic areas in which collaborative efforts may be bene cial. As the Pro-
gramme is based on a contract with the IEA, the projects are legally estab-
lished as Annexes to the IEA-EBC Implementing Agreement. At the present
time, the following projects have been initiated by the IEA-EBC Executive Com-
mittee, with completed projects identi ed by (*):

Annex 1 Load Energy Determination of Buildings (*)

Annex 2 Ekistics and Advanced Community Energy Sys-
tems (*)

Annex 3 Energy Conservation in Residential Buildings (*)

Annex 4 Glasgow Commercial Building Monitoring (*)

Annex 5 Air In Itration and Ventilation Centre

Annex 6 Energy Systems and Design of Communities (*)

Continued on next page
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Table 1.1 — continued from previous page

Annex 7

Annex 8

Annex 9

Annex 10
Annex 11
Annex 12
Annex 13
Annex 14
Annex 15
Annex 16

Annex 17
Annex 18
Annex 19
Annex 20
Annex 21
Annex 22
Annex 23
Annex 24
Annex 25
Annex 26
Annex 27

Annex 28
Annex 29
Annex 30
Annex 31
Annex 32

Annex 33
Annex 34

Annex 35

Local Government Energy Planning (*)

Inhabitants Behaviour with Regard to Ventilation (*)
Minimum Ventilation Rates (*)

Building HVAC System Simulation (*)

Energy Auditing (*)

Windows and Fenestration (*)

Energy Management in Hospitals (*)
Condensation and Energy (*)

Energy Ef ciency in Schools (*)

BEMS 1- User Interfaces and System Integration
*

BEMS 2- Evaluation and Emulation Techniques (*)
Demand Controlled Ventilation Systems (*)

Low Slope Roof Systems (*)

Air Flow Patterns within Buildings (*)

Thermal Modelling (*)

Energy Ef cient Communities (*)

Multi Zone Air Flow Modelling (COMIS) (*)

Heat, Air and Moisture Transfer in Envelopes (*)
Real time HVAC Simulation (*)

Energy Ef cient Ventilation of Large Enclosures (*)
Evaluation and Demonstration of Domestic Ventila-
tion Systems (*)

Low Energy Cooling Systems (*)

Daylight in Buildings (*)

Bringing Simulation to Application (*)
Energy-Related Environmental Impact of Buildings
*

Integral Building Envelope Performance Assess-
ment (*)

Advanced Local Energy Planning (*)
Computer-Aided Evaluation of HVAC System Per-
formance (*)

Design of Energy Ef cient Hybrid Ventilation (HYB-
VENT) (*)

Continued on next page
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Table 1.1 — continued from previous page

Annex 36 Retro tting of Educational Buildings (*)

Annex 37 Low Exergy Systems for Heating and Cooling of
Buildings (LowEX) (*)

Annex 38 Solar Sustainable Housing (*)

Annex 39 High Performance Insulation Systems (*)

Annex 40 Building Commissioning to Improve Energy Perfor-
mance (*)

Annex 41 Whole Building Heat, Air and Moisture Response
(MOIST-ENG) (*)

Annex 42 The Simulation of Building-Integrated Fuel Cell and

Other Cogeneration Systems (FC+COGEN-SIM)
*)

Annex 43 Testing and Validation of Building Energy Simula-
tion Tools (*)

Annex 44 Integrating Environmentally Responsive Elements
in Buildings (*)

Annex 45 Energy Ef cient Electric Lighting for Buildings (*)

Annex 46 Holistic Assessment Tool-kit on Energy Ef cient
Retro t Measures for Government Buildings (En-
ERGO) (*)

Annex 47 Cost-Effective Commissioning for Existing and Low
Energy Buildings (*)

Annex 48 Heat Pumping and Reversible Air Conditioning (*)

Annex 49 Low Exergy Systems for High Performance Build-
ings and Communities (*)

Annex 50 Prefabricated Systems for Low Energy Renovation
of Residential Buildings (*)

Annex 51 Energy Ef cient Communities (*)

Annex 52 Towards Net Zero Energy Solar Buildings (*)

Annex 53 Total Energy Use in Buildings: Analysis & Evalua-
tion Methods (*)

Annex 54 Integration of Micro-Generation & Related Energy

Technologies in Buildings (*)

Continued on next page
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Table 1.1 — continued from previous page

Annex 55

Annex 56
Annex 57

Annex 58

Annex 59
Annex 60
Annex 61

Annex 62
Annex 63

Annex 64
Annex 65
Annex 66

Annex 67
Annex 68

Annex 69
Annex 70
Annex 71

Working Group

Reliability of Energy Ef cient Building Retro tting
- Probability Assessment of Performance & Cost
(RAP-RETRO) (*)

Cost Effective Energy & CO2 Emissions Optimiza-
tion in Building Renovation

Evaluation of Embodied Energy & CO2 Equivalent
Emissions for Building Construction

Reliable Building Energy Performance Character-
isation Based on Full Scale Dynamic Measure-
ments (*)

High Temperature Cooling & Low Temperature
Heating in Buildings

New Generation Computational Tools for Building &
Community Energy Systems

Business and Technical Concepts for Deep Energy
Retro t of Public Buildings

Ventilative Cooling

Implementation of Energy Strategies in Communi-
ties

LowEx Communities - Optimised Performance of
Energy Supply Systems with Exergy Principles
Long-Term Performance of Super-Insulating Mate-
rials in Building Components and Systems

De nition and Simulation of Occupant Behavior in
Buildings

Energy Flexible Buildings

Indoor Air Quality Design and Control in Low En-
ergy Residential Buildings

Strategy and Practice of Adaptive Thermal Comfort
in Low Energy Buildings

Energy Epidemiology: Analysis of Real Building
Energy Use at Scale

Building Energy Performance Assessment Based
on In-situ Measurements

Energy Ef ciency in Educational Buildings (*)

Continued on next page
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Table 1.1 — continued from previous page
Working Group Indicators of Energy Efciency in Cold Climate
Buildings (*)
Working Group  Annex 36 Extension: The Energy Concept Adviser
*
Working Group  Survey on HVAC Energy Calculation Methodolo-
gies for Non-residential Buildings




This publication is the of cial report of IEA EBC Annex 60, which was con-
ducted from 2012 to 2017 through a collaboration among 42 institutes from
16 countries. Annex 60 developed and demonstrated new generation compu-
tational tools for the design and operation of building and community energy
systems. The report is aimed at users of simulation, HVAC and urban energy
system designers as well as researchers in the eld of energy systems for the
built environment.

A key driver for this work are the trends towards zero energy and electri ca-
tion of the energy infrastructure that demands that buildings and district energy
systems become increasingly integrated to reduce energy use, power density
and to shift load. Typical measures include high-performance facades, en-
ergy storage, waste heat utilization within and among buildings through near
ambient-temperature networks, and heat pumps that boost waste heat and re-
newable sources to usable temperatures. Advanced controls need to orches-
trate this operation while providing electrical load shifting and load shedding
capabilities, and bidding these capabilities into a dynamic electricity market.
What are the implications on building simulation and associated computing
and the digitalization of the entire planning process including BIM tools?

Clearly, building simulation programs face new challenges to support such
systems throughout the building life cycle. They must become a modular ser-
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vice that integrates seamlessly with other tools, sometimes at small time-steps
and below the level of a whole building, during design and operation. This
represents a radical structural shift from conventional building simulation pro-
grams, which provide little work ow automation for design, analysis and opti-
mization and no facilities for runtime integration. This situation leads to new
functional requirements which are not addressed by existing building simula-
tion programs, which are often load-based, assume ideal and non-integrated
steady-state control of each individual subsystem, and are hard to extend from
design to operation, and from buildings to districts.

In the meantime, other engineering sectors have been making large invest-
ments and substantial progress in next generation computing tools for the de-
sign and operation of complex, dynamic, engineered systems based on the
open standards Modelica, a modeling language, and Functional Mockup Inter-
face (FMI), a standard for exchanging models.

Annex 60 transfers and adapts these technologies to the buildings industries
through the collaborative development of Modelica libraries, FMI-technologies,
and translators from Building Information Models (BIM) to Modelica.

Due to this large ecosystem of technology that can be adapted for the build-
ings industry, due to the evolving requirements that demand new approaches
for modeling, simulation and optimization that are a shift from todays practice
in building performance simulation, and to have a means to collaboratively de-
velop software, all work in Annex 60 was based on the following three open
standards:

« The equation-based, object-oriented Modelica language which allows
graphical composition of models for simulation, operation and optimiza-
tion. The models may be multi-physics system models, such as energy
systems that couple thermodynamics, heat transfer, uid dynamics, and
electrical systems. These physics-based models can be combined with
data-driven models and with models of continuous-time, discrete-time,
and event-driven feedback control systems.

* The Functional Mockup Interface (FMI) Standard, a speci cation that
describes how to encapsulate and exchange models or simulators, in-
dependent of the authoring tool or application domain. The FMI standard
is currently supported by more than 80 tools.

» The Industry Foundation Classes (IFC), the only life cycle model of build-
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ings that is an open international standard, governed by ISO 16739. BIM
models described by IFC may be HVAC components or entire building
energy systems. A building services-related BIM model originating from
the digital planning process cannot serve as basis for simulation without
further knowledge-based transformation.

Using these standards, the core research problem that has been solved within
Annex 60 was the coordinated development, application and demonstration of
new generation computational tools for building and community energy sys-
tems that are based on open standards and that allow buildings and energy
grids to be designed and operated as integrated, robust, and performance
based systems.

In hindsight, embracing these standards was instrumental for collaborative re-
search and development, as there was a clear speci cation of the technology,
formalized through standards, that served as the basis of the collaborative de-
velopment. Probably most important, working through these standards allows
the building simulation community to collaborate with experts from other elds,
such as experts in multi-physics modeling, hybrid systems, numerical meth-
ods, computer algebra, compiler technology or language design, that are im-
portant for the new requirements that the building simulation community faces,
but that are generally not present in our community.

Software development is an investment in foundational tools that encapsu-
lates sophisticated, complex methods to make them accessible to non-experts
through easy-to-use interfaces. By committing to standards rather than a par-
ticular tool provider's implementation, the software developed in Annex 60 that
does not rely on, and hence locks customers into the use of tools provided by
any single vendor.
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2.1 Operating Agents and Task Leaders

The operating agents were

Michael Wetter

Building Technology and Urban Systems Department
Energy Technologies Area

Lawrence Berkeley National Laboratory, USA

and

Christoph van Treeck
Chair in Energy Ef ciency and Sustainable Building (E3D)
RWTH Aachen University, Germany

Annex 60 was structured into the following subtasks and activities.
Subtask 1: Technology Development

Led by Michael Wetter, LBNL, Berkeley, CA
Activity 1.1: Modelica model libraries

Led by Michael Wetter, LBNL, Berkeley, CA

Activity 1.2: Co-simulation and model exchange through Functional Mockup
Units

Led by Frederic Wurtz, Grenoble University, Grenoble, France
Activity 1.3: Building Information Model
Led by Christoph van Treeck, RWTH Aachen University, Germany

Activity 1.4: Work ow automation tools
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Led by Sebastian Stratbuecker, Fraunhofer IBP, Holzkirchen, Ger-
many

Subtask 2: Validation and Demonstration
Led by Lieve Helsen, KU Leuven, Leuven, Belgium
Activity 2.1: Design of building systems

Led by Christoph Nytsch-Geusen, Berlin University of the Arts,
Berlin, Germany

Activity 2.2: Design of district energy systems
Led by Dirk Saelens, KU Leuven, Leuven, Belgium
Activity 2.3: Model use during operation

Led by Ignacio Torrens, Eindhoven University of Technology, The
Netherlands

Subtask 3: Dissemination

Led by Christoph van Treeck and Michael Wetter

2.2 Authors of the Final Report

The nal report was co-authored by the participants listed below, and edited
by the operating agents Michael Wetter and Christoph van Treeck.
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Massachusetts Institute of Technology USA
Purdue University USA
Stanford University USA
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The IEA EBC project Annex 60: New Generation Computational Tools for
Building & Community Energy Systems led to open-source, freely avail-
able, documented, validated and veri ed new generation computational tools.
These tools allow buildings and community energy grids to be designed and
operated as integrated, robust, performance based systems with low energy
use and low peak power demand. The developed tools are all based on three
non-proprietary, open standards:

» The Modelica modeling language for implemeting models (https://www.
modelica.org/),

« the Functional Mockup Interface (FMI) standards to couple simulators
(https://www.fmi-standard.org/), and

« the Industry Foundation Classes (IFC) for building information modeling
(http://lwww.buildingsmart-tech.org/) as well as other BIM-related stan-
dards such as Information Delivery Manual (IDM) and Model View De -
nitions (MVD).

Thus, Annex 60 committed to, leveraged and contributed to open standards
that can be used with a variety of tools, rather than developed software tech-
nology that depends on the implementation of a single tool provider. This
avoids vendor lock-in and provides to industry a stable basis, governed by
standards, to invest in.


https://www.modelica.org/
https://www.modelica.org/
https://www.fmi-standard.org/
http://www.buildingsmart-tech.org/
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The target audience of Annex 60 is the building energy research community,
design rms and energy service companies, equipment and tool manufactur-
ers, as well as students in building energy-related sciences. Through Annex
60, fragmented duplicative activities in modeling, simulation and optimization
of building and community energy systems that are based on the Modelica and
FMI standards were coordinated. Tool-chains were created, often by adapting
and extending technologies from other industry sectors, to link Building In-
formation Models (BIM) to energy modeling, building simulation to controls
design tools, and design tools to operational tools. These tools were demon-
strated for building design, district energy system design, and for use of models
during operation to support fault detection and diagnostics algorithms, model
predictive control, and hardware-in-the-loop experimentation.

Subtask 1: Subtask 2:
Technology Validation &
development demonstration

Activity 1.1
Modelica model libraries

Activity 2.1
Design of
building systems

Activity 1.2

Functional Mockup Units o
Activity 2.2

Design of

district energy systems

Activity 1.3
Building Information Models

Activity 2.3
Model use
during operation

Activity 1.4

Workflow automation tools

Subtask 3:
Dissemination

Fig. 3.1: Structure and organization of Annex 60.

Annex 60 was organized in the subtasks and activities shown in Fig. 3.1. Sub-
tasks 1 developed and implemented the software technology required by the
applications. Subtask 2 was focused on validation, veri cation and demonstra-
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tion of the developed software technology for building and community energy
system design and operation. Subtask 3 was focused on dissemination of
the results through special tracks at professional conferences, through training
workshops and through publications in international scienti ¢ journals.

Subtasks 1 and 2 consisted of the following activities:
Subtask 1 - Technology Development

Activity 1.1 Modelica model libraries, developed a free open-source library with
more than 300 Modelica models for building and community energy systems,
available at https://github.com/iea-annex60/modelica-annex60/releases. This
library became the core of the four Modelica libraries AixLib , developed by
RWTH Aachen, Germany, BuildingsSystems , developed by UdK Berlin,
Germany, Buildings , developed by Lawrence Berkeley National Laboratory,
Berkeley, CA, USA, and IDEAS, developed by KU Leuven, Belgium. Prior to
the Annex, theses libraries had limited scope, were mutually incompatible, and
in some cases not available to the public.

Activity 1.2 Co-simulation and model exchange through Functional Mockup
Units, developed co-simulation and model-exchange interfaces in legacy build-
ing energy simulation programs and further developed middle-ware for co-
simulation and model exchange. All work was based on the non-proprietary
Functional Mockup Interface standard.

Activity 1.3 Building Information Models, developed BIM to Modelica transla-
tors. This was accomplished through the use and extension of the Open BIM
data formats de ned by the Industry Foundation Classes (IFC) and through
the use of other BIM-standards such as the Information Delivery Manual (IDM)
and through Model View De nitions (MVD).

Activity 1.4 Work ow automation tools, developed free open-source Python
packages to automate the work ow of developing and using Modelica models.

Subtask 2 - Validation and Demonstration

Activity 2.1 Design of building systems, demonstrated how to design energy
and control systems for buildings and how to size systems under consideration
of diurnal weather patterns, energy storage and time-varying electricity prices
of a smart grid.

Activity 2.2 Design of district energy systems, validated and demonstrated the


https://github.com/iea-annex60/modelica-annex60/releases
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tools from Subtask 1, applied to district energy systems and smart grid inte-
gration at the scale of the district energy system.

Activity 2.3 Model use during operation, used control models from Activity 1.1
and FMI export programs from Activity 1.2 during the operation of building
energy systems, and during hardware-in-the-loop experimentation.

Subtask 3 - Dissemination

Subtask 3, which is not described in this report, focused on the dissemination
of the results through special sessions at scienti ¢ conferences and through
workshops that trained users in the technology developed in Annex 60. Re-
sults have further been disseminated through publication in international sci-
enti c journals.

Annex 60 was conducted from June 2012 to June 2017. The core of the
team will continue key developments and disseminations of Annex 60 under
the umbrella of the International Building Performance Simulation Association
(IBPSA). This will be the rst research project formally conducted under the
umbrella of IBPSA, executed as “Project 1: BIM/GIS and Modelica Framework
for building and community energy system design and operation.”



To meet increasingly stringent energy performance targets and challenges
posed by distributed renewable energy generation on the electrical and ther-
mal distribution grid, recent attention has been given to system-level integra-
tion, part-load operation and operational optimization of buildings. The in-
tent is to design and operate a building or a neighborhood optimally as a
performance-based, robust system. This requires taking into account system-
level interactions between building storage, HVAC systems and electrical and
thermal grid. Such a system-level analysis requires multi-physics simulation
and optimization using coupled thermal, electrical and control models. Op-
timal operation also requires closing the gap between designed and actual
performance through commissioning, energy monitoring and fault detection
and diagnostics. All of these activities can bene t from using models that rep-
resent the design intent. These models can then be used to verify responses
of installed equipment and control sequences, and to compute optimal control
sequences in a Model Predictive Controller (MPC), the latter of which possibly
requiring simpli ed models.

Furthermore, in the AEC domain the processes of designing, constructing and
commissioning buildings and engergy systems are rapidly changing toward
digitalization. Building Information Modeling (BIM) is an enabler as collabora-
tive method and tool to consistently gather, manage and exchange building-
related data on a digital basis over the entire life cycle of a facility. BIM is
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not a speci ¢ software, it is rather a method as part of, but not limited to, the
integral design. A truly added value is expected for the near future when de-
sign and commissioning in the sense of computer aided facility management
comes together. The above mentioned issues of commissioning, energy mon-
itoring and fault detection and diagnostics can therefore highly bene t from a
thorough digital planning when location and function of technical systems are
together referenced in a digital model, when the as-built state is harmonized
with and well documented in a model and when home and building automation
becomes integrally linked with BIM.

This shift in focus will require an increased use of models throughout the build-
ing delivery stages and continuing into the operational phase. Consider, for
example, the development and use of an HVAC system model:

1. During design, a mechanical engineer will construct a model that rep-
resents the design intent, such as system layout, equipment selection,
and control sequences. The basis of such a model could be from a BIM
in the case of a building, or from a GIS in the case of a district.

2. During construction, to reduce cost for implementation of the control se-
quence, and to ensure that the control intent is properly implemented,
a control model could be used to generate code that can be uploaded
to supervisory building automation systems, thereby executing the same
sequence as was used during design [NW14].

3. During commissioning, the design model will be used to verify proper
installation.

4. During operation, the model will be used for comparing actual with ex-
pected energy use [PWBH11], and for fault detection and diagnostics
[BSG+14]. Furthermore, the model may be converted to a form that
allows its use during operation as part of an MPC algorithm.

In addition to the focus on closing the performance gap between design and
operation, another recent focus is on system integration. Here, the challenge
lies in the co-design and operation of building dynamics, HVAC, thermal and
electrical storage, renewable energy generation, and grid responsive control in
order to maintain the power quality of the electrical grid. Commonly, to support
system integration, models from different engineering domains need to be cou-
pled during run-time. For example, for active facade control, it may be neces-
sary to couple a ray-tracing tool such as Radiance with a building energy simu-



35

lation tool to asses the impact of daylighting controls on reducing glare, energy;,
and peak cooling demand. Similarly, for building to electrical grid integration,
building HVAC and domestic hot water control can be designed such that build-
ings present themselves as a exible load to the electrical grid, which can in-
crease the amount of renewable energy integrated into the grid. Such coupling
of domain-speci ¢ models may be done within Modelica, an equation-based,
object-oriented modeling language, or through tool coupling that involves co-
simulation, a technique in which simulators exchange data as the simulation-
time advances. See [Wetlla][BDCVR+12][BWN14][WBN16][CH15] for ex-
ample applications.

For a larger discussion of functionalities that future building modeling tools will
need to provide to address the needs for low energy building and community
energy grid design and operation, we refer to [Wetl11b] and [Clal5].

The aforementioned new foci give rise to new requirements for building simu-
lation tools, including the following:

1. Mechanical engineers should be able to design, assess the performance
and verify the correctness of local and, in particular, supervisory control
sequences in simulation. They should then use such a veri ed, non-
ambiguous speci cation to communicate their design intent to the con-
trol provider. Moreover, the speci cation should be used during com-
missioning to verify that the control contractor implemented the design
intent.

2. Controls engineers should be able to extract subsystem models from
models used during the building design in order to use them within build-
ing control systems for commissioning, model-based controls, fault de-
tection and diagnostics.

3. Urban planners and researchers should be able to combine models of
buildings, electrical grids and controls in order to improve the design and
operation of such systems to ensure low greenhouse gas emissions or
costs, and high quality power delivery [BDCVR+12][WBN16][BWN14].

4. Mechanical engineers should be able to convert design models to a form
that allows the ef cient and robust solution of optimal control problems
as part of MPC [SOCP11]. Such models may then be combined with
state estimation techniques that adapt the model to the actual building
[BSG+14].
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The rst item requires modeling and simulation of actual control sequences,
including proper handling of hybrid systems, i.e., systems in which the state
evolves in time based on continuous time semantics that arises from physics,
and discrete time and discrete event semantics that arises from digital con-
trol [Wet09][WZNP14]. This poses computing challenges for the deterministic
synchronization of these domains [BGL+15]. The second item requires extrac-
tion of a subsystem model and exporting this model in a self-contained form
that can readily be executed as part of a building automation system as shown
in [NW14]. The third item requires models of different physical domains and
models of control systems to be combined for a dynamic, multi-physics simu-
lation that involves electrical systems, thermal systems, controls and possibly
communication systems, which may evolve at vastly different time scales. The
fourth item greatly bene ts if model equations are accessible to perform model
order reduction and to solve optimal control problems.

4.1 Comparison to State-of-the-art in Building En-
ergy Modeling and Simulation

Today's whole-building simulation programs formulate models using impera-
tive programming languages. Imperative programming languages assign val-
ues to functions, declare the sequence of execution of these functions and
change the state of the program, as is done for example in C/C++, Fortran or
MATLAB/Simulink. In such programs, model equations are tightly intertwined
with numerical solution methods, often by making the numerical solution pro-
cedure part of the actual model equations. This approach has its origin in
the seventies when neither modular software approaches were implemented
nor powerful computer algebra tools were available. These programs have
been developed for the use case of building energy performance assessment
to support building design and energy policy development. Other use cases
such as control design and veri cation, model use in support of operation,
and multi-physics dynamic analysis that combines building, HVAC, electrical
and control models were not priorities, nor even considered [CLW+96]. How-
ever, the position paper of IBPSA shows that they recently gained importance
[Cla15].
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Tight coupling of numerical solution methods with model equations and in-
put/output routines makes it dif cult to extend these programs to support new
use cases. The reason is that this coupling imposes rules that determine
for example where inputs to functions that compute HVAC, building or control
equipment are received from the internal data structure of the program, when
these inputs are updated, when these functions are evaluated to produce new
output, and what output values may be lagged in time to avoid algebraic loops.
Such rules have made it increasingly dif cult for developers to add new func-
tionalities to software without inadvertently introducing an error in other parts
of the program. They also make it dif cult for users to understand how com-
ponent models interact with other parts of the system model, in particular their
interaction with, and assumptions of, control sequences. Furthermore, they
also have shown to make it dif cult to use such tools for optimization [WWO04].

The tight coupling of numerical solution methods with model equations also
makes it dif cult to ef ciently simulate models for the various use cases. Nu-

merical methods in today's building energy simulation programs are tailored to
the use case of energy analysis during design. However, other use cases,
such as controls design and veri cation, coupled modeling of thermal and
electrical systems, and model use during operation require different numeri-
cal methods. To see why different numerical methods are required, consider
these applications:

« Stiff systems: The simulation of feedback control with time constants of
seconds coupled to building energy models with time constants of hours
leads to stiff ordinary differential equations. Their ef cient numerical
solution requires implicit solvers [HW96].

* Non-stiff systems: In EnergyPlus [CLP+99] and in many TRNSYS
[KDB76] component models, the dynamics of HVAC equipment and
controllers, which is fast compared to the dynamics of the building heat
transfer, is generally approximated using steady-state models. Hence,
the resulting system model is not stiff as the only dynamics is from the
building model. In this situation, explicit time integration algorithms are
generally more ef cient. Such an approximation of the fast dynamics
can also be done with dynamic Modelica HVAC models, see [JWH15].

» Hybrid systems: Hybrid systems require proper simulation of coupled
continuous time, discrete time and discrete event dynamics. This in turn
requires solution methods with variable time steps and event handling.
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For example, when a temperature sensor crosses a setpoint or a battery
reaches its state of charge, a state event takes place that may switch
a controller, necessitating solving for the time instant when the switch
happens and reducing accordingly the integration time step. Standard
ordinary differential equation solvers require an iteration in time to solve
for the time instant of the event, and reinitializing integrators after the
event, which both are computationally expensive. A new class of ordi-
nary differential equation solvers called Quantized State System (QSS)
integration [ZL98][KJO1][CKO06][Kof03][MBKC13] are promising for the
ef cient simulation of such systems as they do not require iteration for
state event detection. However, their ef cient use requires knowledge
of the dependency graph of the state equations, which generally is not
available in legacy building simulators, but readily available in equation-
based languages.

It follows from this discussion that for models to be applicable to a wide range
of applications, it should be possible to use them with different numerical
solvers. Therefore, models for building energy systems and their numerical
solution methods should be separated where possible. Exceptions are equa-
tions for which special tailored solution methods and parallel programming
patterns allow humans to better exploit the structure of the equations than is
currently supported by code generators, often arising from partial differential
equations or from light distributions. Examples include solvers for computa-
tional uid dynamics, heat transfer in borehole heat exchangers [PH14], and
ray-tracing for daylighting. Work, however, is ongoing to remedy this situation
[Cas15][SWF+15][BBCK15].

4.2 New Technologies for Building Energy Model-
ing and Simulation

This section describes new technologies which can be applied to building en-
ergy modeling in support of the different use cases.
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4.2.1 Equation-based Modeling

As explained above, the use of imperative programming languages limits the
applicability and extensibility of models. Furthermore, in building simulation
programs, numerical solution algorithms are often tightly integrated into the
models and thereby can mandate the use of supervisory control logic that is
far removed from how control sequences are implemented in reality. For ex-
ample, in EnergyPlus, a cooling coil may request from the supervisory control
a certain air mass ow rate in order to meet the load computed in the predic-
tor step of the thermal zone heat balance. In actuality, the air mass ow rate
would be determined by the position of dampers in combination with the speed
of a supply fan, each of which could be controlled by zone temperature and
duct static pressure feedback controllers.

A key difference between imperative programming languages and equation-
based languages is that the latter do not require a speci cation of the se-
guence of computer assignments required to simulate a model. Rather, a
model developer can specify the mathematical equations, package them into
graphically represented components and store them in a hierarchical library. A
model user then assembles these components in a schematic editor to form a
system model. A simulation environment analyses these equations, optimally
rearranges them using computer algebra, translates them to executable code,
typically C, and links them with numerical solvers.

Speci cally, the translation of equations to executable code involves determin-
ing which variables can be replaced by so-called alias variables, for example,
in the case of a mass ow rate that may be the same for all components that
are used to compose an air handler unit. It also involves reducing the dimen-
sion of coupled linear and nonlinear system of equations through symbolic
inverting equations and through Block Lower Triangularization and Tearing
[CKO6][EO94], which often signi cantly reduces the dimension of the coupled
systems of equations. See also Section 5.3.4. Furthermore, during transla-
tion, zero-crossing functions are generated, for example, to indicate when a
thermostat crosses a set-point, and high-order differential algebraic systems
of equations are reduced to index 1 [MS93]: Some Modelica translators also
generate code for speci ¢ solvers. The bene t of this has been demonstrated

by Fernandez and Kofman who showed for QSS methods more than an or-
der of magnitude simulation speed improvements when code is generated in a
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form that is speci cally designed for the QSS methods [FK14], as opposes to
using QSS methods with a conventional discrete event simulation solver. Sym-
bolic manipulations also allow to partition the model automatically for parallel
computing [EMO14].

Loosely speaking, while simulation models implemented using imperative pro-
gramming languages require numerical solvers to select numerical inputs and
compare the function values for these inputs to infer what equations they solve,
equation-based modeling languages such as Modelica allow for the under-
stand of equation structure, and making use of this understanding to gen-
erate ef cient code for computation. Examples of structures include which
variables are connected to each other through algebraic constraints or dif-
ferential equations, which equations can be differentiated, which equations
can be inverted, and which equations trigger an event that can instantly
change a control signal. For a more detailed discussion, see [EIm78], [CKO06],
[EO94] and [EOC95]. To make these technologies accessible to a wide
range of users in building simulation, research and development is required
and ongoing to advance translators and solvers to better handle large models
[Wet09][Zim13][WZNP14][JWH15][Cas15][SWF+15][BBCK15].

A promising aspect of Modelica is that it is an open-source language that is
supported internationally by various industries. As these industry sectors use
the same modeling language, modeling environments, simulation and opti-
mization code generators and solvers, the investement in these technologies
can be shared. Consequently, large international projects that further advance
Modelica have been conducted, such as

* MODELISAR (https://itea3.org/project/modelisar.html, 29 partners, Euro
26.6M, 2008-2011) which initiated the FMI standard,

 EUROSYSLIB (http://www.eurosyslib.com/, 19 partners, Euro 16M,
2007-2010) which developed Modelica libraries for embedded system
modeling and simulation, and

* MODRIO (https://www.modelica.org/external-projects/modrio,  Euro
21M, 2012-2015) which extended Modelica and FMI to support proper-
ty/requirement modelling, state estimation, multi-mode modelling, e.g.,
systems with multiple operating modes and varying number of states,
and nonlinear model predictive control.


https://itea3.org/project/modelisar.html
http://www.eurosyslib.com/
https://www.modelica.org/external-projects/modrio
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4.2.2 Co-Simulation and Model Exchange

In 2008, a European project called MODELISAR started with the objective
to facilitate interoperability between simulation models and simulation tools
through a standardized application programming interface (API). This project
resulted in the Functional Mockup Interface (FMI) standard, which is a tool-
independent, open-source standard which supports exporting, exchanging
and importing simulation models or simulation tools [MC14].

A simulation model or a complete simulator that is exported in the format spec-
i ed by the FMI standard is called a Functional Mockup Unit (FMU). The FMI
standard de nes a set of C-functions (FMI functions) to interact with the model
or the simulator. It also de nes an xml schema that is used to declare prop-
erties of the exported model or simulator. In addition, it standardizes how to
package as a zip le the xml le, the C-functions, possibly as compiled bi-

naries, and resources required by the model or simulator, such as les with
weather data.

The FMI standard distinguishes between model-exchange and co-simulation.
In FMI for model-exchange, a system of differential, algebraic and discrete-
time equations can be exported, and the host simulator that executes the FMU
needs to provide an algorithm that integrates the equations in time. In contrast,
in FMI for co-simulation, the host simulator requests the FMU to integrate its
equations in time. See for example [BBG+13] for such an algorithm.

Version 2.0 of FMI standard was released in 2014, and it adds features that
will facilitate the use of FMU models to support the design and operation of
buildings. Some of the important features are as follows:

Saving and restoring the state  The complete FMU state can be
saved, restored, and serialized to a byte vector. As a result, a
simulation can be restarted from a saved FMU state. This is a
very important feature for model-based fault detection as the
one in [BSG+14] or model predictive controls applications as
both of them require state initialization.

Input and state dependencies  In the xml le, it can be declared
which state variables and which output variables have a di-
rect dependency on the input variables, and which output
variables have a direct dependency on the state variables.
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This allows

1. determining the sparsity pattern for Jacobians, and

2. to use sparse matrix methods in numerical solvers to

simulate stiff FMUs.

The information about dependency also opens the door
to the implementation of ef cient asynchronuous numerical
time integration algorithms such as QSS.
Furthermore, for FMUs that are connected to form a cyclic
graph, the dependency information of outputs on inputs is
required for the deterministic execution [BBG+13], and the
detection of algebraic loops. Once those algebraic loops
are detected, nonlinear equation solvers such as a Newton-
Raphson solver can be used to solve them.
The following example, which is borrowed from [BBG+13],
illustrates why exposing such dependencies is important.
Consider the FMU that comprises the system shown in Fig.
4.1. If this FMU is imported in a simulator and y; is connected
to u, possibly using an algebraic function f: R! R, then a
master algorithm can output the state y;, assign u = f(yy),
output y, = 5u and integrate the state. If however u were
connected to f(y,) rather than f(y;), then a master algorithm
can output y;, next it needs to solve u = f(y,) = 5f(u),
in general using numerical iterations, and then it can inte-
grate the state. This illustrates that input-output dependency
is important as it allows a simulator to detect whether cyclic
graphs, formed by connecting inputs and outputs among
FMUs, lead to an algebraic system of equations that may re-
quire an iterative solution. See [BBG+13] for a more detailed
discussion.

Directional derivatives  Directional derivatives can be computed
for derivatives of continuous-time states and for outputs. This
is useful when connecting FMUs and the partial derivatives
of the connected FMU shall be computed, for example by
a stiff ordinary differential equation solver, an algebraic loop
solver, an extended Kalman lIter, or for model linearization.
If the exported FMU performs this computation analytically,
then all numerical algorithms based on these partial deriva-
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Fig. 4.1: FMU for which output y; does not have a direct dependency on input u but
output y, does.

tives are more ef cient and more reliable [MC14]. Direc-
tional derivatives are also required by second-order QSS al-
gorithms [Kof03]. This is illustrated with the following exam-
ple. Consider an FMU which implements dx(t)=dt = f(x, u, t)
for some differentiable functon f: R R R ! R. If the
FMU provides directional derivatives, then the second time
derivative can be computed exactly because

df(x,u,t) _ @(x,u,t) dx(t) . @(x, u,t)du(t)
dt @ dt @ dt '’
where @(x,u,t)=@ and @(x,u,t)=@ are the directional
derivatives with respect to state and input, which are pro-
vided by the FMU.

In summary, there are various bene ts in using equation-based languages,
such as Modelica, for system simulation. First, they allow for suf cient se-
mantics for a code generator to identify the state variables in a model, which
supports saving and restoring states for initializing simulations. Second, they
allow for the discovery of input-output and input-state dependencies, which
supports master algorithm development. Lastly, they allow for automatic dif-
ferentiation of model equations, which supports in providing directional deriva-
tives to solvers. While these pieces of information could in principle also be
speci ed by a model developer in models that are written using imperative lan-
guages, the size of models typically encountered in building simulation would
make such a manual declaration a tedious, expensive and error-prone propo-
sition.
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The relevance of these properties for the building simulation community has
been illustrated in the following examples. Broman et al. [BBG+13] developed
a master algorithm for the deterministic composition of FMUs for co-simulation,
which is only possible if input/output dependencies are provided for FMUs that
are connected in a cyclic graph. Wetter et al. [WNL+15] simulated a building
with radiant heating system using a collection of FMUs for model exchange
that are asynchronously integrated in time using QSS methods. The input-
state dependencies were required to determine which state variables need to
be updated. Bonvini et al. [BWS14] have developed and applied an FMU-
based state and parameter estimator that has been used as part of a fault
detection algorithm which is capable of identifying faults in a valve. This algo-
rithm required saving and restoring states.

The capabilities of FMI and the aforementioned use cases indicate its appli-
cability to support building simulation for design and operation. At the time of
writing, there are more than 70 tools which support import or export of simula-
tion models or tools as FMUs. This indicates the adoption of the standard and
its relevance for the building simulation community.

4.2.3 Optimization

Equation-based modeling languages allow code generators to convert model
equations to a form that is well suited to solve large scale nonlinear optimiza-
tion problems [AAG+10]. This section describes a state of the art method that
converts an in nite dimensional optimal control problem into a nite dimen-

sional approximation that standard nonlinear programming (NLP) solvers can
solve. Equation-based modeling languages allow automating this conversion.

Equation-based modeling languages allow to describe systems of differential
algebraic equations (DAE) in the general form

F(t, x(), x(), u®), y), )=0,
Y (t, x(t), u®), y), )=0, (4.1)
Fo(X(to), X(to), U(to), y (to), ) =0,
whereF(, , , , , )describes the time rate of change, Y (, , , , ) are algebraic

constraints, Fo(, , , , ) implicitly de nes initial conditions, t 2 [to, t;] is time for
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some initialand naltime tgandt;, x: R! R™ isthe state vector,u: R! R™
is the control function, y: R ! R"™ is the vector of algebraic variables, and

2 RP is the vector of parameters. Such a DAE system can be used to
model a building, its HVAC systems and controllers. Necessary and suf cient
conditions for existence, uniqueness and differentiability of a solution to (4.1)
can be found in [Wet05].

Once the model is available, we can add constraints and a cost function to
de ne an optimal control problem that minimizes energy consumption or cost.
An example optimal control problem for (4.1) is

ur(rl)izrumizz%p f(x(t), u(), y), ),

subject to F(t, x(t), x(t), u(t), yt), )=0,
Y (t X, u@®), y®), )=0, “.2)

FO(X(t0)1 X(t0)1 U(to), y(t0)1 ) = 0’

H(t, x(t), x(t), ut), y(t), )=0,

G(t, x(t), x(t), u(t), y(t), ) 0O,
forallt 2 [to, t;], where f(, , , ) is the cost function and U is the set of ad-
missible control functions. The solution to (4.2) is the optimal control function
and the optimal design parameter that minimizes f(, , , ) while satisfying the
system dynamics F(, ,,,,)=0,and Y(,,,, ) = 0, the initial conditions
Fo(,,,,) =0 and the constraints H(, , , , ,)=0and G(,,,,,) O

For generality, we assume (4.2) to be nonlinear and twice continuously differ-
entiable [Pol97].

The problem (4.2) is in nite dimensional because its solution is a functional
that has to be valid for all t 2 [to, t;]. Directly solving an in nite dimen-
sional optimal control problem for a general nonlinear system is not possible
and it therefore needs to be converted into a nite dimensional approximation
[Pol97]. Biegler [Biel0] presents multiple methods for such a conversion into
the form
minimize c(2),
z2 R"
| u

subject to z z zY,

g(z) =0,
hz) O,
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where z is the nite dimensional optimization variable, z' and z" are the lower
and upper bounds, c() is the cost function, and g( ) and h() are the equality
and inequality constraints.

Among the available techniques, we describe direct collocation methods be-
cause they are well suited for equation-based modeling languages [AAG+10].
Direct collocation methods use polynomials to approximate the trajectories of
the variables of a DAE system. The polynomials are de ned on a nite num-
ber of support points that are called collocation points. By optimizing these
nite number of control points, they convert the in nite to a nite dimensional
optimization problem, which can be solved by a NLP solver such as IPOPT
[WBO06].

The method starts by dividing the time horizon [to, t;] into ne elements, each
element containing the same number of collocation points n;. For example,
the JModelica software [AGT09] uses the Radau collocation method to place
these points. The Radau collocation method places a collocation point at the
start and end of each element to ensure continuity of the state trajectories, and
places the others to maximize accuracy. In each element, time is normalized
asti( )=t 1+hi(t; to) ,for 2 [0, 1]andi 2f1, ..., neg, wheret; is the time
at the end of elementi, 2 [0, 1] is the normalized time within the element,
and h; is the length of element i. The time dependent variables x( ), x( ), u(),
and y( ) are approximated using collocation polynomials in each element. The
collocation polynomials use the Lagrange basis polynomials, and they use the
collocation points as the interpolation points. The collocation polynomials are

Xe B
Xi( )= Xk k()
k=0
X]C
u( )= uixl(), 4.3)
k=1
X]C
yvit )= Vikk(),
k=1

where Xk, Uik, and y;x are the values of the variable x(), u() and y() at
the collocation point k in element i, I() is the Lagrange basis polynomial and
Ik() is the Lagrange basis polynomial that includes the rst point to ensure
continuity of the state variables. The Lagrange bases are, withi 2 f 1, ..., neg,
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- Y J-
()= :
’ k j
j2f 0,...,ncgnf kg
Y

()= L.

j2f 1,...,ncgnf kg K i

(4.4)

As is normalized, the basis polynomials are the same for all elements. The
polynomial approximation of the derivative x;( ) in (4.3) is

1 X di()
xi()= it t) & to) . Xi k

(4.5)

o

The collocation method de nes the approximations ( 4.3) and (4.5) of the vari-
ables in (4.2). Equation-based modeling languages allow accessing the model
equations, thereby allowing to automatically generate the nite dimensional
approximations de ned by the collocation methods.

JModelica employs a collocation method to transcribe the problem (4.2) into
an NLP problem. A local optimum to the nite dimensional approximation
of (4.2) will be found by solving the rst-order Karush-Kuhn-Tucker (KKT)
conditions, using iterative techniques based on Newton's method. This re-
quires rst- and second-order derivatives of the cost and constraint func-
tions with respect to the NLP variables. JModelica uses CasADi [And13],
a software for automatic differentiation that is tailored for dynamic optimiza-
tion. Equation-based modeling languages allow for automatically providing
the information required by CasADi to build a symbolic representation of the
optimization problem. Using the symbolic representation of the NLP prob-
lem, CasADi can ef ciently compute the required derivatives and exploit the
sparsity pattern of the problem. NLP solvers such as IPOPT are then used
to nd a piecewise polynomial approximation of the solution to the origi-
nal problem (4.2). The number of variables in the approximated problem is
Nz = (1+nene)(2ny +ny+ny)+(Ne  1)ny +np+2. For a more detailed overview
see [MA12].

In summary, equation-based modeling languages provide three main advan-
tages for optimization: First, they support the automatic conversion of simula-
tion models into optimization problems, reducing engineering costs and time.
Second, they can provide analytic expressions for gradients to be used by NLP
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solvers. Third, they allow for automatic generation of the nite dimensional ap-
proximations de ned by the collocation methods.

Section 9.4.3 shows how this improves computing performance relative to
simulation-based optimization.

4.2.4 Building Information Modeling

Building Information Modeling (BIM) provides methods, interfaces and tools
for the integral design, construction, commissioning and operation of build-
ings. It is furthermore an enabler for quality assurance and digital documenta-
tion of the as-built state and to manage other building life cycle-relevant data
[ETSL11]. Managing projects with BIM promises major improvements in the
adherence of schedules, in transparency and in cost control [VIB15], if a BIM
project is properly set-up and run. Digital planning methods are a key element
for the design, commissioning and operation of energy ef cient buildings, en-
ergy systems and city quarters at the interface between building envelope,
building systems, distribution network, automation and control.

BIM-related processes may comprise the coordination of different models of
the architecture, engineering and construction (AEC) domains, for example in-
volving advanced rule-based model checker software. On the other hand, BIM
may be applied for domain-speci ¢ planning tasks within the building services
and HVAC domains. Thereby, a CAD model can serve as basis for layout and
dimensioning, for engineering and code compliance testing, clash detection,
or static and dynamic heat and cooling load calculations, for example.

Today, powerful CAD tools exist for the AEC domain which can be used for
design and construction of HVAC systems. Some of these tools provide built-
in and proprietary solutions for static or dynamic calculations building on their
internal core and data model.

However,

« the lack of open-source solutions to support a tool-chain for BPS model
transformation from BIM using open data formats such as the Industry
Foundation Classes (IFC) makes it dif cult to make BIM models avail-
able for BPS.
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» Other BPS-related data formats such as gbXML are mainly restricted
to geometrical issues and disregard parameter which are relevant for
describing properties of HYAC components or control sequences.

» Current BIM formats lack the objects and semantics needed to express
control logic, e.g., the algorithms that turn measured signals and set-
points into actuator signals.

» De ning and generating an integrated building performance simula-
tion model representing the building geometry and topology as well as
its energy systems can be a cumbersome and error-prone procedure
[BMOD+11].

» Furthermore, a CAD or BIM model cannot be readily transformed into
an object-oriented simulation model, as the structure of both prevailing
modeling worlds differ signi cantly [vTR06]. Models may be hampered
by diverse inconsistencies due to modeling failures or inconsistencies
or simply due to conceptual differences between the AEC domains and
their modeling hierarchy, especially from a geometrical and topological
point of view concerning the issue of space boundaries [BKO7].

» The representation of CAD objects and its parameters in the HVAC do-
main itself differs from the representation which is needed in an object-
oriented BPS model such as Modelica. In BIM, objects may not be prop-
erly linked with each other, or the way, how these objects are mutually
connected may not be eligible for a model transformation into Modelica
code which assumes objects are connected as in the real world through
uid ports.

These constraints often make it necessary to manually re-generate a BPS
model from scratch instead of converting an existing CAD model to a BPS-like
representation.

4.2.5 Overview of the Following Chapters

The next chapters describe the activities conducted in Annex 60.

Activities 1.1 to 1.4 were focused on the development of technologies for mod-
eling, co-simulation, BIM to Modelica translations and work ow automation
developed in Subtask 1. Activity 1.1, described in Section 5, gives an overview
about Modelica and the Modelica Annex 60 library developed in this project.
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Activity 1.2, described in Section 6, introduces co-simulation using the FMI
standard and presents FMI compliant tools and FMI capabilities of building
energy simulators. Activity 1.3, described in Section 7, introduces BIM and
presents an open framework for Modelica code generation from BIM. Lastly,
Activity 1.4, described in Section 8, presents tools and examples for work ow
automation in building and district energy simulation.

Activities 2.1 to 2.3 were focused on the validation and demonstration of the
technologies developed in Subtask 2. Activity 2.1, described in Section 9,
presents case studies that involve Modelica-based simulation and optimiza-
tion at the building scale. Activity 2.2, described in Section 10, provides an
overview about district energy systems. It then introduces rst efforts to de-
velop a validation test procedure for district energy system simulations called
DESTEST, and it closes with examples of district energy simulation using
mono-simulation and co-simulation. Activity 2.3, described in Section 11, de-
scribes use of Modelica and FMI for Fault Detection and Diagnostics, for Model
Predictive Control, and for Hardware-in-the-Loop experimentation.

Concluding remarks can be found in Section 13, and a glossary for technical
terms can be found in Section 14.



Chapter 5

Activity 1.1: Modelica

This chapter provides an overview of Modelica, gives an introduction with
pointers to further literature about its capabilities, and presents the Modelica
Annex60 library that has been developed within the IEA EBC Annex 60. The
library is available from http://www.iea-annex60.org/releases/modelica/1.0.0/
Annex60-v1.0.0.zip. The models are documented at http://www.iea-annex60.
org/releases/modelica/1.0.0/help/Annex60.html. They will be further devel-
oped within the IBPSA Project 1 at https://github.com/ibpsa/modelica-ibpsa.

5.1 Introduction

Modelica is an object-oriented equation-based modeling language. The lan-
guage has been developed to support design and operation of complex engi-
neered systems that are governed by differential equations, algebraic equa-
tions, time- and state events. It is now used in various industrial sectors such
as automotive, aerospace, electrical engineering, power plants, robotics, build-
ings and district energy systems.

At the time of this writing, more than 70 free open-source and commer-
cial Modelica libraries were available, see for example https://modelica.org/
libraries and http://impact.github.io/#/all. The Modelica Standard Library ver-
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sion 3.2.1, which is the of cial library of the Modelica Association, contains
about 1500 models, blocks and functions, covering most engineering domains.

The goal of the Annex 60 library development is to provide well documented,
vetted and validated open-source Modelica models that will serve as the core
of future building and district energy simulation programs.

5.2 Literature Review

Modelica origins in the PhD thesis of Hilding EImqvist in 1978 at the Depart-
ment of Control, Lund University, under the supervision of Karl Johan Astrém
[EIm78]. In [EIm14], EImqgvist gives a perspective on the Modelica evolution
which is summarized as follows: In his PhD thesis, ElImqvist designed the DY-
namic MOdeling LAnguage Dymola, which contained a class object for object-
oriented modeling and a structured feature to describe interaction between
submodels. In Spring 1996, discussions started to unify the modeling lan-
guages Dymola, Omola, NMF and Allan. In Fall 1996, the rst desigh meeting
was held as Elmqvist realized that it was time for a global uni ed language de-
sign initiative. The primary reason was that modeling requires reuse of stored
knowledge and hence a standard language, rather than the various tool ven-
dors inventing their own language and a new language being created for every
PhD thesis on modeling. In 1997, after one year of design, Modelica 1.0 was
released. The rst version of Dymola that supported Modelica was released
in 1999 and three years later the rst open-source implementation OpenMod-
elica followed [FAB+02b].

In the buildings community, the use of equation-based languages has its origin
in the energy simulation program ENET [LS82][STLL84], which provided the
foundation of the SPANK or SPARK program [SBEW86][SBN89][BEWS93].
In 1989, Sahlin and Sowell [SS89] introduced an equation-based language
called Neutral Model Format (NMF) which is used in the commercial software
IDA/ICE [BBE+99]. In 1993, Klein introduced the equation-based Engineering
Equation Solver EES [Kle93].

Felgner et al. [FAB+02a] reported in 2002 the earliest applications of Mod-
elica for building energy simulation [Mer02], which led to the ATPIlus library
[FAB+02a] which no longer seems to be developed. In 2005, Nytsch-Geusen



5.2 Literature Review 53

et al. presented a hygrothermal building model [NGNHHO5]. In 2004, devel-
opment of a proprietary Modelica library for building and HVAC system sim-
ulation started at the United Technology Research Center [Wet06b][Wet06a].
In 2007, Wetter started at LBNL the development of the open-source Modelica
Buildings library [WHMS08][Wet09][WZNP14]. Also in 2007, Muller started
to develop the model library AixLib for building and urban energy systems
at RWTH Aachen University [BM10][FCL+15]. This work was based on his
rst activities at TU Berlin to model active building components in Model-
ica [HHTMO5]. In 2010, Baetens et al. started at KU Leuven the develop-
ment of IDEAS, a library for Integrated District Energy Assessment Simula-
tions [BDCVR+12][BDCJ+15]. In 2012, Nytsch et al. presented the Modelica
BuildingSystems library developed at UdK Berlin [NGHLR12].

Between 2012 to 2014, the AixLib, BuildingSystems and IDEAS libraries were
made open-source to facilitate collaboration within the IEA EBC Annex 60.
With the AixLib, Buildings, BuildingSystems and IDEAS libraries, four open-
source libraries for building and district energy systems became available;
however, due to different design choices and modeling principles, combin-
ing models from these libraries was cumbersome if not impossible for most
users. Furthermore, because the libraries used different conventions and im-
plementations, sharing development effort was not possible prior to the An-
nex 60, thereby wasting development resources. Therefore, within Annex 60,
the design choices of these libraries were harmonized, models were made
compatible, and a common core of a Modelica library, the Annex60 library,
has been developed [WFG+15]. All four of these libraries are now based on
the collaboratively developed Annex60 library whose goal is to provide a well-
documented, vetted and validated open source Modelica library that serves as
the core of future building simulation programs.

In addition to these open-source libraries, various commercial and proprietary
libraries have been developed. In 2005, Modelon presented the AirCondition-
ing library [TEPO5] for detailed steady-state and dynamic modeling of vapor
compression cycles, and TLK Thermo presented a similar library as part of
the TIL suite [GKRT10]. Since 2009, XRG develops and distributes the HVAC
library and HumanComfort libraries [MEQ9]. In 2012, ITI, EA Systems, Honda
and TU Dresden introduced the GreenBuilding library [USM+12]. In 2014,
Electricité de France presented the BuildSysPro library [PKL14].
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Various literature compares equation-based and procedural modeling lan-
guages. Sahlin [Sah96] reports that developing a simulation model in the
equation-based modeling language NMF [SS89] was about three times faster
than it was in the BRIS simulation program [Bro90], but the computation time
in BRIS was three times faster. Sahlin et al. [SEG+04] compared the computa-
tion time of IDA ICE with EnergyPlus. In their numerical experiments, IDA ICE
required approximately half the computation time that was required by Energy-
Plus for a three zone building with natural ventilation and twice the computation
time in an initial experiment for a 53 zone building without natural ventilation.
In the latter experiments, the COMIS air ow program was not included in Ener-
gyPlus. Sowell and Haves [SHO1] compared the computation time of SPARK
and HVACSIM+ for a variable air volume ow system that serves six thermal
zones. They report that SPARK computes about 15 to 20 times faster than
HVACSIM+ and attribute the faster computation to SPARK's graph decompo-
sition and cut set reduction. Wetter et al. [WHMSO08] compared the SPARK
solver with Dymola for a variable air volume ow system with ve zones and

concluded that they have comparable computing time. Wetter and Haugstetter
[WHO06] compared computing time in TRNSYS and the Modelica environment
Dymola. TRNSYS simulated about three to four times faster, which most likely
was due to the time series representation used in TRNSYS for the conduc-
tion heat transfer calculation. Jorissen et al. [JWH15] show how model and
solver knowledge can lead to simulation times that are two orders of magni-
tude lower for large Modelica models when using explicit solvers instead of
implicit solvers.

Also, decreasing the computing time for large Modelica mod-
els through changes in the Modelica translators and numeri-
cal methods is an active area of development, see for example
[MBKC13][FBC+14][Cas15][BBCK15][BRC16][CR16][OE17][BCB17][JHB17].

To compare the labor time for model development, Wetter [Wetl1b] compared
the development time and, as development time often scales with code size,
he also compared for cross comparison the code size for models in Fortran,
C/C++ and Modelica. Their development time comparison indicates a ve to
ten times faster development through use of Modelica rather than C++ for the
C++ multizone building model of BuildOpt [Wet05]. This translated to about
one year of labor savings. The Modelica implementation required 6,000 lines
of code while the C++ implementation required 24,000 lines. A similar re-



5.3 What is Modelica 55

duction in labor time was observed for a small heat transfer problem that was
independently implemented in Fortran and in Modelica by three engineers who
were familiar with both languages. See Fig. 5.1.

: Labor time :
Modelica vs. C/C++ Number of source code lines
: Storage size of source code
Labor time engineer 1
Modelica vs. Fortran Labor time engineer 2
: \ Labor time engineer 3
NMF vs. Fortran | ‘Labor time
0.0 0.2 0.4 0.6 0.8 1.0

Normalized reduction in labor time or code size

Fig. 5.1: Comparison of relative reduction in labor time and code size for equation-
based vs. procedural programming languages.

5.3 What is Modelica

This section gives an overview about the main capabilities of Modelica. The
intent is to familiarize the reader with the ideas of the Modelica language and
explain how Modelica models are converted to simulation code. While most
users will use existing Modelica component models from a library, this section
also gives some background information that helps understanding the princi-
ples of the language.

Modelica is an equation-based, acausal, object-oriented modeling language
that is designed for component-oriented modeling of dynamic systems. Mod-
els are described by differential equations, algebraic equations and discrete
equations. Using standardized interfaces, the mathematical relations of a
problem between its interface variables are encapsulated in a model, which
can be represented graphically by an icon. The interface variables of multiple
models can be graphically connected with each other in a graphical model ed-
itor, without requiring any notion of what is input and what is output of a model.
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This encapsulation together with the standardized acausal model interface fa-
cilitates model reuse and model exchange. Since Modelica is a standardized
language, models can be shared and exchanged by a large user community.

To realize such a exible modeling environment, the Modelica language em-
bodies the object-oriented modeling paradigm, a term that was coined by
Elmqvist [EIm78] and summarized by Cellier et al. [CEO95] as follows:

Encapsulation of knowledge = The modeler must be able to en-
code all knowledge related to a particular object in a compact
fashion in one place with well-de ned interface points to the
outside.

Topological interconnection capability The modeler should be
able to interconnect objects in a topological fashion, plug-
ging together component models in the same way as an ex-
perimenter would plug together real equipment in a labora-
tory. This requirement entails that the equations describing
the models must be declarative in nature, i.e., they must be
acausal.

Hierarchical modeling  The modeler should be able to declare in-
terconnected models as new objects, making them indistin-
guishable from the outside from the basic equation models.
Models can then be built up in a hierarchical fashion.

Object instantiation ~ The modeler should have the possibility to
describe generic object classes, and instantiate actual ob-
jects from these class de nitions by a mechanism of model
invocation.

Class inheritance A useful feature is class inheritance, since it
allows encapsulation of knowledge even below the level of a
physical object. The so encapsulated knowledge can then
be distributed through the model by an inheritance mecha-
nism, which ensures that the same knowledge will not have
to be encoded several times in different places of the model
separately.

Generalized Networking Capability A useful feature of a mod-
eling environment is the capability to interconnect models
through nodes. Nodes are different from regular models (ob-
jects) in that they offer a variable number of connections to
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them. This feature mandates the availability of across and
through variables, so that power continuity across the nodes
can be guaranteed.

The following subsections describe the approaches that are used in Modelica
to realize this object-oriented modeling paradigm.

5.3.1 Acausal Modeling
5.3.1.1 Physical Connectors and Balanced Models

A tenet of Modelica is that each component should represent a physical de-
vice with physical interface ports called connectors. To accomplish this, Mod-
elica requires models to be balanced. Casually expressed, a model is bal-
anced when the number of its equations equals the number of its variables. A
more rigorous de nition can be found in [OOMEOQ8]. Models interact with other
models through connectors. The connectors of a model contain all variables
required to uniquely de ne the boundary conditions of the model.

The Modelica Standard Library implements connectors for various domains,
such as heat transfer, uid ow, electrical and translational systems. These
connectors declare the interfaces of the models. Table 5.1 shows different
connectors and their variables, which are either potential, ow or stream vari-
ables. Potential variables are the driving force for a ow, and hence examples
are voltage V, position x, temperature T, and pressure p. The associated ow
variables are current I, force F, heat ow rate Q and mass ow rate m. Ther-
mo uid ow systems are a special case because the mass ow rate carries
properties such as speci ¢ enthalpy h, mass fractions X and trace substance
concentrations C. These properties therefore change depending on the ow
direction. Hence, these are stream variables, and are, for numerical perfor-
mance, treated in Modelica in a unique way [FCO+09a].

When connectors are connected with each other, Modelica automatically gen-
erates equations that equate the potential variables. For example, connecting
n connectors of heat ow components c;, fori 2 f1,...,ng, results in all ¢
having the same temperatures at the connection points, e.g., c; T =¢; T, for
alli 2f1,...,ng. Furthermore, for the electrical, translational and heat ow do-
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Table 5.1: Physical connectors from the Modelica Standard Library.

Domain Potential | Flow | Stream
Electrical \ |

Translational X F

Heat ow T Q

Thermo uid ow p m h, X, C

main, the sum of the ow variables is set to zero. For example, for tBe above
heat ow components, Modelica will generate the equations 0 = iz1 G Q.
Thermo uid ow components are different because the mass ow rate m car-
ries the uid properties (h, C, X). To allow connecting multiple uid connectors,
Modelica uses so called stream-connectors [FCO+09a]. This allows Modelica
to generate for connectgd thermo uid ow components the equations for con-

servation of mass 0 = ;_, ¢;m. For the properties that are carried with the
ow, Modelica generates the equations
P e
mix = 43?, (5.1)

[
where is any of the conserved quantities (h, C, X) and m;" = max(0, m).

These rules allow to connect one or multiple components to any physical port.
For example, if a heat ow port is unconnected, then no equation for its tem-
perature is introduced, and the heat ow rate across this port is set to zero,
thereby rendering the port as an adiabatic boundary condition. Whether a port
variable is an input or an output to the model is determined when the model is
translated. Hence, models impose no causality on the connector variable. This
property allows to reuse, for example, a model for one-dimensional steady-
state heat conduction for situations where both port temperatures are known
and the heat ow rate at the ports need to be computed, or where one port
temperature and heat ow rate are known and the other port temperature and
heat ow rate needs to be computed.

This encapsulation of balanced models with acausal physical connectors en-
ables a graphical, input-output free model construction, as we will see later in
this section. In a schematic model diagram of a physical system, icons cor-
respond to actual components or subsystems and encapsulate the equations
that de ne the physics of the subsystem. Lines between the icons impose
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the port equations to conserve ow and to equate state variables, or they may
propagate signals in a control system. Because these connectors are stan-
dardized, models from different libraries can be connected with each other,
thereby allowing users to use models from various domains and libraries within
one system model.

5.3.1.2 lllustration of a Simple Model

We will now illustrate how a simple heat ow component is built using the
heat ow connector of the Modelica Standard Library. This connector is imple-
mented by the following lines of Modelica code:

partial connector HeatPort
"Thermal port for 1-D heat transfer" ;
Sl . Temperature T  "Port temperature"” ;
flow Sl . HeatFlowRate Q_flow "Heat flow rate" ;
end HeatPort ;

On line 4, the type pre x flow declares that Q flow is a ow variable and
hence need to be summed to zero as explained above. This connector can
then be instantiated to de ne the interface with the outside of the model in a
one-dimensional heat transfer element with no energy storage. In Modelica's
thermal library, such a heat transfer element is implemented as follows:

partial model Element1D
"Partial heat transfer element with two HeatPorts"
Sl . HeatFlowRate Q_flow
"Heat flow rate from port_a->port_b" ;

S| . TemperatureDifference dT "port_a.T-port_b.T" ;
public

HeatPort port_a "Heat port a" ;

HeatPort port_b "Heat port b" ;

equation

dT = port_a . T - portb .T;

port a . Q flow = Q_flow;

port_b . Q_flow = -Q_flow;
end ElementlD ;
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Lines 3 to 5 contain the declaration of the variables Q and T that are typically
computed in a one dimensional heat transfer element. Lines 7 and 8 instanti-
ate the HeatPort connector to expose to the outside of this model the port
temperatures port_a.T and port_b.T , as well as the port heat ow rates
port a.Q flow andport_ b.Q flow . The equations on line 10 to 12 de-
ne the relationships among the variables of the two HeatPort connectors
and the variables of the partial model ElementlD . Note that Element1D

does not declare a relation between the heat ow rate and the temperatures,
as this relation is different for conduction, convection or radiation. Because this
relation is not speci ed, the model is declared partial to indicate that it can
be extended by other models to re ne its implementation, but that it cannot be
instantiated directly as it does not de ne how temperature and heat ow rate

are related. To implement a thermal conductor, the above partial model can
be extended as follows:

model ThermalConductor
"Lumped thermal element
transporting heat without storing it"
extends Interfaces . ElementlD;
parameter  Sl. ThermalConductance G
"Constant thermal conductance" ;
equation
Q _flow = G:dT;
end ThermalConductor ;

This thermal conductor model can then be encapsulated in a graphical icon
using drawing elements that are part of the Modelica language standard, and
hence, can be interpreted by different Modelica modeling environments. By
using a different parameter declaration on line 5 and a different equation on
line 8, the semantics can be changed to represent other one-dimensional heat
transfer elements such as a model for long-wave radiation between two sur-
faces. Note that the above code is not pseudo-code, but rather a complete
implementation of a heat conductor in the Modelica language, except for the
optional graphical annotations that will be explained in the next section. Note
that in the implementation above, the model developer only declared the vari-
ables and the constraints between heat ow rate and temperatures. Whether
the model will solve for the heat ow rate or for a port temperature will be
determined by a code generator that analyzes the overall simulation model in



5.3 What is Modelica 61

order to determine a numerically ef cient sequence of computations, as we
will show in Section 5.3.4.

5.3.1.3 Graphical Encapsulation

Creating, changing and understanding reasonably large system models with-
out a graphical model editor would be very cumbersome if not impossible. To
be able to use models in different graphical model editors, Modelica also stan-
dardizes graphical elements such as lines, circles and colors that can be used
to graphically render an icon which encapsulates the model. In graphical edi-
tors, these icons can be opened to see the actual model implementation, and
the icons can be used to graphically assemble components to build system
models. Fig. 5.2 shows how the above heat conductor can be used to com-
pute the heat ow rate for a time-varying and a constant temperature boundary
condition on the left and right, respectively.

ramp TBoul TBou2
conductor
f ot
duration=1 T=T

Fig. 5.2: Thermal conductor with varying temperature boundary conditions.

5.3.1.4 Object-Oriented Modeling

Object-oriented modeling allows reusing common functionalities across differ-
ent models. Duplication of code which would make it dif cult to correct coding
errors throughout a large library of models when code is copied to different
models. In the Annex60 library, object-orientation is extensively used to imple-
ment heat and mass balances of thermo uid ow components. It is also used,
for example, to implement two-way control valves, which we will use here to
explain the principle of object-oriented modeling.

Two-way valves can be characterized by an opening function

Con k()
)= K,

: (5.2)
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wherey 2 [0, 1] is the control input, k : [0, 1] ! R is the ow rate divided by
the square root of the pressure drop and K, = k(1) characterizes that ow rate
for a fully open valve. For a valve with linear opening characteristic, ' (y) =
I+y (@ 1), wherel is the leakage of the closed valve, whereas for an equal
percentage valve, the function ' () is more complicated. To share code that is
common among these valves, we can implement a base class such as

partial model PartialTwoWayValveKv
"Partial model for a two way valve using Kv"
extends BaseClasses . PartialTwoWayValve;

equation

k = phi *Kv_SI;

m_flow =BaseClasses . FlowModels . basicFlowFunction_dp(
dp=dp, k =k, m_flow_turbulent =m_flow_turbulent);

/I ... (other code omitted for brevity)

Now, we can implement the valve with linear opening characteristics by ex-
tending this base class and assigning the function ' () as follows:

model TwoWayLinear
"Two way valve with linear flow characteristics"
extends BaseClasses . PartialTwoWayValveKyv(
phi =l +y = (1 - D)
/I ... (other code omitted for brevity)
end TwoWayLinear ;

Similarly, the valve with equal percentage opening characteristics can be im-
plemented as

model TwoWayEqualPercentage
"Equal-percentage two-way valve"
extends BaseClasses . PartialTwoWayValveKyv(
phi =BaseClasses . equalPercentage(y, R, |, delta0));
parameter Real R=50
"Rangeability, R=50...100 typically" ;
/I ... (other code omitted for brevity)
end TwoWayEqualPercentage ;

where the function BaseClasses.equalPercentage implements the
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opening characteristics.

This object-inheritance has various bene ts. For users, if they understand
what physics is implemented in the base class, for example that the valve
linearizes the pressure drop calculations at very small ow rates, then they
know that this applies to both valves. For a developer, if a new capability need
to be implemented, such as a heat loss of the valve, then this can be done
in the base class and will be automatically propagated to both valves models.
This is also useful for users that build system models from existing component
models. For example, in a variable air volume (VAV) ow system, each VAV
damper likely has the same controller. Hence, the user can implement the
controller in one object and instantiate it for each VAV damper. Should the
control law require changes, then this can be done at a central place and the
change be propagated to all instances of this controller.

5.3.1.5 Hierarchical Modeling

Hierarchical modeling supports keeping a well-de ned and visually accessible
model structure and helps manage complexity. This is aligned with the fact
that physical problems are often analyzed by disaggregating them into sev-
eral parts. Using hierarchical modeling allows having the same view within
simulation models.

Consider for example modeling the thermal mass of a building. Standard work-
ow encompasses disaggregating the building into several thermal zones. In
our ctive case, we consider two thermal zones ( Fig. 5.3). Each of these ther-
mal zones encompasses a number of wall elements representing e.g. exterior
walls, interior walls and oor plates. These wall elements interact with each
other by radiative heat exchange and via convective heat exchange through
the indoor air volume. Each wall element in turn encompasses the description
of heat transfer and heat storage effects, in our case described by thermal
resistances and capacities.

Using hierarchical modeling approaches in Modelica, each level of thermal
mass modeling can be created by connecting sub-models that represent lower
levels. In this way, each level takes care of modeling the interactions between
the sub-models.
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Fig. 5.3: Hierarchical structure of a thermal building model with levels for building,

thermal zones, wall elements and RC-elements.

Refering to the system given in Fig. 5.3, the uppermost level is the building
itself. At this level, we instantiate two thermal zones, using reduced order
models for thermal zones with three wall elements:

model Building

"lllustrates the use of hierarchical modeling"

RC ThreeElements thermalZoneOne(
"Thermal zone one"
RC ThreeElements thermalZoneTwo(
"Thermal zone two"

The visualization in the schematic diagram editor shows at the building level
both thermal zones as simple icons without revealing any insights such as their
sub-models. These insights become only visible on the thermal zone level as
shown in Fig. 5.4. This level implements the interactions of the walls, e.g., the
radiative heat exchange. It also instantiates wall elements for exterior walls,

interior walls and a oor plate.

Looking into BaseClasses.InteriorWall
the actual implementation of resistances and capacities. These are connected
in series using vectors of models to create a nite difference heat transfer

model.

, as shown in Fig. 5.5, reveals
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Fig. 5.4: Diagram view of a thermal zone model with three wall elements (exterior

walls, interior walls and oor plate), windows and indoor air volume.
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Fig. 5.5: Diagram view of a thermal network for interior walls, consisting of an array

of thermal resistances and capacities.
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5.3.1.6 Architecture-Driven Modeling

When evaluating different building systems, it is convenient to implement a
system model of a base line, and then only declare how design variants differ
from the base line. Modelica supports such modeling through architecture-
driven modeling, which enables declaration of which models can be replaced
with a different implementation. For illustration, consider a simple example in
which we are interested in evaluating two different valves for a heat exchanger.
One valve has linear opening characteristics, whereas the other valve has ex-
ponential opening characteristics. This can be accomplished by implement-
ing a system model of the base case, which contains the valve with the linear
opening characteristics. We can declare this, using the TwoWayLinear valve
described above with the following code:

replaceable TwoWayLinear valve
constrainedby BaseClasses . PartialTwoWayValveKv(

redeclare package Medium = Medium,
CvData =Buildings . Fluid . Types . CvTypes . Kv,
Kv=0.65 ,

m_flow_nominal =0.04)
"Replaceable valve model”;

Here, we declared that the valve is of type TwoWayLinear (a two-way valve
with linear opening characteristics) and it can be replaced by any other valve
that uses (extends) the base class PartialTwoWayValveKv . The valve
uses K, data for the ow coef cient, with K, = 0.65 and a design mass ow
rate of m = 0.04 kg=s. These values are also applied to any valve that re-
places this TwoWayLinear valve. Typically, such a model is part of a larger
system model as shown in Fig. 5.6 in which the replaceable valve is graphically
rendered by a gray box.

With the few lines of code below, which can be either entered in a textual
editor or created from a graphical model editor, we can create a hew model
that is identical to the previous model except for the valve. The corresponding
declaration is:

model EqualPercentageValve
"Model with equal percentage valve"
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Fig. 5.6: Model with heat exchanger, feedback control and replaceable valve. The
gray background rendered around the valve indicates visually that this model can be
replaced by another implementation.

extends DryCoilCounterFlowPControl(

redeclare  Actuators . Valves . TwoWayEqualPercentage
valve);

end EqualPercentageValve ;

This allowed us to change the architecture of the system by replacing a model,
while reusing everything else in the base case. In large systems that may have
hundreds of models, such modeling is very convenient as it shows only what
has changed from one version to another. Note that the replaced model can
be another hierarchical system model, for example one can replace in a whole
building simulation a heating plant with a gas furnace by a plant that uses a
heat pump with a borehole heat exchanger.

5.3.2 Separation of Concerns

When implementing a model, a model developer typically writes computer
code that implements functions, variable assignments, computing procedures,



68 Activity 1.1: Modelica

numerical methods and routines to obtain input. With Modelica, this is no
longer needed, as it suf ces to simply state the physical laws and the control
algorithm that a model should obey. Therefore, Modelica requires only declara-
tion of the physics and dynamics of a model. How to solve the equations, which
variables to assign rst, when to read input and update outputs etc. need not
be specied. Thus, it is a modeling language, as opposed to an imperative
programming language such as C/C++. The underlying design philosophy is
to separate the concerns between modeling, simulation and other applications
such as optimization or real-time simulation. In Modelica it suf ces to imple-
ment a mathematical model of the system without having to specify how to
solve the equations. The simulation program is automatically generated from
the mathematical model using a Modelica translator that employs computer al-
gebra as explained in Section 5.3.4. This allows for various target applications:
For example, from a Modelica model, code can be generated for the following:

A conventional time-domain simulator that uses a classical or-
dinary differential equation solver, and optionally generate
code for sequential or parallel computing [EMO14].

A discrete-event simulator  that can handle order of magnitudes
bigger models than classical ordinary differential equation
solver [MBKC13].

A building automation system  that imports control code in a
standardized format [NW14].

An embedded real-time controller  that may not have any hard
disk for le input and output.

A web application in which the model is translated to JavaScript
so it can run native in a web-browser [Fral4].

An optimization program  that symbolically converts the model
to a form that allows computing optimal control functions
signi cantly faster than conventional optimization methods
[WBN16].

Such a separation between mathematical model and executable application
code is a critical underlying principle for a future modeling and simulation en-
vironment for building systems. By following this principle, it is possible to
structure the problem more naturally in the way a human thinks, and not how
one computes a solution.
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5.3.3 Example Model

Fig. 5.7 demonstrates how a simple model can be constructed using compo-
nents from the Annex 60 library. The model is available in the Annex60 library
as Annex60.Fluid.Examples.SimpleHouse . It consists of a simple
building, a heating system and a ventilation system, with both systems includ-
ing a controller. The building model consists of a wall, an air volume and a
window. The wall is represented using a simple model consisting of a single
heat capacitor and a heat conductor. The zone air is modeled using a control
volume with mixed air, which is connected to the wall using a thermal resistor
which represent the convective heat transfer. The window is modeled using a
component that injects heat onto the wall. Boundary conditions are the outside
temperature of the wall and the solar irradiation on the window.

The heating system consists of a radiator, a pump and a heater as illustrated in
the bottom of the gure. The heater thermal power is controlled using an on/off
controller with hysteresis that tracks a set point for the zone air temperature.

To ventilate or cool the room, a ventilation system is modeled that consists of
a heat recovery unit, a fan, a cooling device and a damper. The fan applies
a constant pressure difference over the damper. The damper position is mod-
ulated by a proportional controller to provide more air if there is a need for
cooling.

To build the model, each individual component model was dragged from the
component library, placed on the schematic editor window, and connected to
other components much like physical components. Model parameters like the
pump mass ow rate were set by double-clicking on the respective component,
which opened a parameter window. More detailed building models may be
implemented using one of the libraries that extend the Annex60 library and
are listed at Section 5.4.2.

5.3.4 Model Translation

The translation of a Modelica model into a simulation program is a fully auto-
mated process. When translating a model, symbolic processing is important to
reduce computing time since many building system simulation problems lead



70 Activity 1.1: Modelica

Cooling and ventilation sentemzonan
P KE
hexRec E E}—‘ oz
) ﬂp": T v vavDar
—

Weather Wall ¢

vallRes

E CL o i O

Heating

bRt o1 booeartoReat
B
L »{ i not] ‘R

booleariToint

Fig. 5.7: Modelica system model SimpleHouse as rendered by a Modelica graphical
model editor.
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Table 5.2: Incidence matrix prior to block lower triangularization.

Equation | Ty(t) | Ta(t) | Q(t)
1 X X X

2 X

3 X X

to large, sparse differential algebraic equation systems (DAE systems). Sym-
bolic processing is typically used to reduce the index of the DAE system and
to exploit sparsity. The following methods are typically used in Modelica simu-
lation environments. To solve a DAE system with ordinary differential equation
solvers, the index of the DAE is reduced using the algorithm of Pantelides
[Pan88]. Next, to exploit the sparsity of the model, Modelica translators gen-
erally convert the coupled system of equations to block lower triangular form,
by changing the equation order. This process is called block lower triangular-
ization and is discussed in detail by Duff [DER89]. A simple example is as
follows: Consider the system of equations

QM) =Ti(t)* T(1)*,
fi(t) = Ta(t)®, (5.3)
fo(t) = To(t)* + Ta(t)*,

where f1, f, : R! R are known functions of time and T, T,, Q are unknowns.
A naive implementation would solve directly a three-dimensional non-linear
system of equations using a Newton solver. However, we can consider the
incidence matrix whose columns are the independent variables and rows are
the equations, as shown on the left of Table 5.2. In the incidence matrix, cell
(i,)) contains an x if the independent variable i depends on the equation j.

For this system, we can permute the rows so that all cells with an x are below
the diagonal, as shown in Table 5.3.

This shows that by rearranging the equations, we can solve sequentially
fa(t) = Ta(t)",
fa(t) = To(®)* + T2()*, 54
QW) =Tit)" T20)*.
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Table 5.3: Incidence matrix after block lower triangularization.

Equation | Ty(t) | To(t) | Q(t)
2 X

3 X

1 X X X

Finally, using computer algebra, these equations can be converted into the
explicit assignment

Ta(t) = (1),
Tot) = (f()  Tu())™* (5.5)
QM) =Ti®)*  T(t)*,

and hence no iterative solution is required.

After block lower triangularization, there may still be sets of equations that re-
quire a coupled iterative solution. In this situation, tearing can be used to break
the dependency graph of equations and variables to further reduce the dimen-
sionality of the coupled system of equations. The resulting coupled systems
of equations are typically small but dense. Tearing can be done automatically
or it can be guided by using physical insight with language constructs that can
be embedded in a model library [EO94]. A simple example of tearing is as
follows: Suppose we have an equation of the form

0 = f(x), (5.6)

for some x 2 R", with n > 1, that can be written in the form

Lx, = fl(XZ): 57)
0 = fa(x1, X2),

where L is a lower triangular matrix with constant non-zero diagonals. If this is
the case, we can pick a guess value for x,, solve the rst equation for x;, com-
pute a new value for x, from the second equation and iterate until x, converges.
As f1() has fewer equations than f( ), this often results in faster computation
as the computing time of many numerical algorithms grows proportional to n2.
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Fig. 5.8 from the Dymola 2016 user manual shows for a mechanical model
with kinematic loops that consist of 1, 200 equations how symbolic processing
signi cantly reduces the dimension of the coupled systems of equations.

AN Incidence matrix of the original problem
’ P (dimension 1200x1200)

Incidence matrix after elimination of alias
#x| variables (dimension 330x330)

After simplibcations
and BLT
(dimension
250x250)

Tearing reduces!m,f'ﬂ
dimension of nonlinear system of equations from 12x12 to 2x2,»
and the dimension of one linear system from 11x11 to 2x2 and}"h

for another linear system from linear 57x57 to 5x5[°  ~

Fig. 5.8: Reduction of the dimension of the system of equations for the case of a
mechanical model during the symbolic processing.

Finally, a further reduction in computation time can be obtained by symbolically
inserting the discretization formula that represents the numerical integration
algorithm into the differential-algebraic equation model, a process called inline
integration that was introduced by ElImqyvist et al. [EOC95].

5.3.5 Use of External Code

While the above model translation is powerful, there are situations where a hu-
man programmer can generate more ef cient code. In the buildings domain,
a typical example is the solution for partial differential equations for compu-
tational uid dynamics. Partial differential equations often lead to repeating
structures, such as a band-diagonal matrix, for which ef cient solution algo-
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rithms or parallelization methods can be devised or that can simulate faster
when parts of the computation is done on a graphical processing unit, see for
example [ZC10]. For such situations, the Modelica language allows for the
calling of C or FORTRAN 77 code, as well as compiled code. Using C code
is for example used in the Buildings library to connect Modelica with Python,
and compiled code is used to link code for computational uid ow dynamics
for indoor air simulation to the building model in [ZWT+16].

5.3.6 Debugging

When talking about debugging, users typically mean instruction-by-instruction
execution of a program code. This makes sense for imperative programming
languages such as C/C++, or for signal ow diagrams such as in Simulink, or
in actor-based modeling such as in Ptolemy II. However, Modelica, except for
the body of Modelica functions , has no notion for line-by-line execution.
The equations are declarative. A tool can rearrange equations, invert them by
changing variables on the left- and right-hand side or by doing other computer
algebra before it generates code. Hence, the process of “simulating” a Model-
ica model is fundamentally different from simulating a model that is expressed
in code such as C/C++, Java or Python. Consequently, debugging needs to
be approached differently.

To explain how to debug declarative Modelica models, let us rst stipulate that
the code is translated correctly from Modelica to an executable language such
as C/C++, but that the trajectories of the simulation are unexpected. There-
fore, one debugs to verify what equations, not what variable assignment, may
be wrong. This is often easiest by breaking up large models into small compo-
nent models and test them individually. Through this process, wrong equations
are often easy to detect by looking at the results of a simulation and comparing
them to an analytical solution. This is also the reason why good model devel-
opment should always include the implementation of small unit tests, prefer-
ably for different input signals for which the correct solution is known a-priori.
Then, assembling models to form larger systems seldom introduces an error
due to Modelica's implementation of physical connectors and its requirements
of models to be balanced, as described in the Section 5.3.1.1.

Debugging can also consist of understanding why a system model has large
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linear or nonlinear algebraic loops. In this situation, Modelica translators typi-
cally allow for the inspection of intermediate formats that are human-readable
model representations after the symbolic manipulation but before generating
C code. For example, an intermediate format can show which equations relate
the inputs to the outputs and which equations require use of a linear solver or
use of a nonlinear iterative solver.

Another purpose of debugging may be to reduce computing time. For this
purpose, some simulation environments allow for running diagnostics on the
model to see in what equations most of the computing time is spent, what
variables dominate the error and the time step size control, and what logical
tests produce events that can increase the computing time.

Furthermore, tools typically have intermediate formats and/or debuggers that
show what Modelica variable appears in what part of the generated code.

5.4 Annex 60 Library

This section describes the open-source, free Modelica Annex60 library that
has been developed since 2012 and is now used as the core of the Model-
ica libraries of RWTH Aachen, from LBNL Berkeley, CA, UdK Berlin and KU
Leuven.

The goal of the development of the Annex60 library is to create an open-
source, freely available, well documented, validated and veri ed Modelica li-
brary that serves as the core of other Modelica libraries for building and district
energy systems, and for whole building simulation programs. Hence, the Ii-
brary should set a foundation for the development of models and whole model
libraries that serves the building simulation community over the next decades.

This effort is also expected to support realizing various propositions of Joe
Clarke's position paper that he wrote on behalf of the IBPSA Board [Clal5].
That position paper calls for a consolidation of models for HVAC and controls
that can be used for testing, as a review framework and as a library (Proposi-
tions 1, 3,4,5,6,7,9,11 and 12). The stated opportunity is

1. to standardize the approach for how such component and system mod-
els are represented, both as data-model and as mathematical models



76 Activity 1.1: Modelica

that formalize the physics, dynamics and control algorithms,

2. to agree upon the physics that should be included in such components
for speci c use cases, and

3. to share resources for development, validation and distribution of such
component and system models

Speci cally, proposition 6 states:

IBPSA will encourage manufacturers to provide more fundamen-
tal descriptions of components and make these available within a
standard library.

We believe that the Annex60 Modelica library could serve as the basis of
such a standard library.

5.4.1 Approach

The approach of the library distribution is modeled after Linux, which has a
kernel that is used by different distributions (e.g., Ubuntu, RedHat etc.), which
then provide installation packages, user support and detailed documentation.
In a similar fashion, the Annex60 library provides reliable base classes for
building and HVAC component models. Developers of the different model
libraries then integrate this library into their Modelica library, add additional
models, provide documentation and user support. Through this process, the
different model libraries of participating institutions can be further developed,
each with their speci c focus, while compatibility among the libraries is en-
sured by the use of the common base classes from the Annex60 library. In
addition to the advantages of having a reliable and well-tested common foun-
dation for model development, further bene ts include increased compatibility,
exchange and collaboration as opposed to the previously fragmented develop-
ment of mutually incompatible libraries.

5.4.2 Libraries That Use the Annex 60 Library as Their Core

At the start of Annex 60, four institutes developed their own library in a manner
that made models among these libraries incompatible. This led to duplicative
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effort in model development and validation, and limited the scope of each li-
bray. Within Annex 60, the following institutes worked together, which resulted
in their libraries to be all based on the Annex60 library, thereby allowing users
to combine models from these libraries, and reducing development effort:

¢ RWTH Aachen, Germany, which develops AixLib , available from https:
/lgithub.com/RWTH-EBC/AixLib

 UdK Berlin, Germany, which develops BuildingsSystems , available
from http://modelica-buildingsystems.de

» Lawrence Berkeley National Laboratory, Berkeley, CA, USA, which
develops Buildings , available from http://simulationresearch.lbl.gov/
modelica

« KU Leuven, Belgium, which develops IDEAS, available from https:
/lgithub.com/open-ideas/IDEAS

5.4.3 Functional Requirements

The Annex60 library needs to ful Il several functional requirements that origi-
nate from typical use cases in building performance simulation. The use cases
include design and analysis of warm water heating and distribution systems,
cooling systems, ventilation systems, heat demand calculations of multiple
buildings, controls design, co-simulation and export of models for use in other
simulators or in building automation systems. The use cases aim at optimal
design and operation of thermal energy systems as well as district energy sys-
tems and model use during operation. Thus, the Annex60 library focuses on
annual whole building simulation, on single as well as on multiple buildings.

Regarding physical resolution, various effects are modeled to ensure suitabil-
ity for typical use cases. For example, all mass ow rates are pressure driven
to allow simulations of duct and piping networks. Optionally, all equations for
pressure drop calculations can be removed from the models through a param-
eter assignment. Transport delays can be added to uid ow networks. The

media models are compatible with models from Modelica.Media  to ensure
compatibility with other libraries. For air, water vapor and trace substances
such as CO, or VOC concentrations are tracked as to account for moisture
transfer and for simulation of indoor air quality. For cooling devices, no de-
tailed modeling of the state and distribution of refrigerants is conducted as this
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would lead to computing time that is too large for annual building simulation.*

Regarding dynamic system behavior, models with different idealizations are
implemented. Where applicable, it is possible to approximate the dynamic re-
sponse of models using a rst or higher order response, and optionally disable
the model dynamics to conduct a quasi steady-state simulation. For example,
the dynamics of sensors can be approximated by a rst order response. This
can be disabled to obtain a steady-state sensor, or to add a more detailed
sensor response to the output signal of the sensor.

It is also possible to export as a Functional Mockup Unit (FMU) thermo uid
components, as described in [WFN15]. All models use Sl units.

5.4.4 Mathematical Requirements

Component models from this library are typically assembled to form system
models that lead to systems of ordinary differential equations, which are cou-
pled to algebraic systems of linear, nonlinear and discrete equations. To en-
sure that these systems of equations can be solved ef ciently, they need to
satisfy certain mathematical properties. In this section, we describe the main
requirements that have been followed during the development and are satis-
ed by the Annex60 library.

For equations that describe the physics, the following mathematical properties
need to be satis ed:

1. Equations must be differentiable and have a continuous rst derivative
that is bounded on compact sets, i.e., they need to be once continu-
ously differentiable on compact sets. This is not only needed for nu-
merical ef ciency, but also to establish existence of a unique solution
to the system of differential equations [CL55], and it provides a key
requirement for the solution of optimal control problems in which the
cost function is de ned on numerical approximations to the solutions of
the differential equations [Pol97][PW06]. For example, instead of us-
ing y(x) = sign(x) jxj, this equation needs to be approximated by
a differentiable function that has a nite derivative near zero because

1 For such applications, the AC library from Modelon or the TIL library from TLK-Thermo GmbH
may be used.
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limeg oy%x) = limy o1=(2 P jxj) = 1 . Otherwise, Newton-Raphson
solvers may fall if x is close to zero, as the Newton step length is propor-
tional to the inverse of the derivative of the residual function.

2. Equations where the rst derivative with respect to another variable is
zero must be avoided. For example, let x,y 2 R and x = f(y). An
equation such asy = 0 for x < 0 and y = x? is not allowed. The reason
is that if a simulator tries to solve 0 = f(x), then any value of x QOisa
solution, which can cause instability in the solver. An example of such
a situation is a valve. If it were to have no leakage ow, then any value
of the pressure drop would cause zero mass ow rate, which may lead
to ill-conditioned equations for some ow networks. More formally, the
conditions for the Implicit Function Theorem [Pol97] need to be satis ed
as this guarantees existence and differentiability of an inverse of the
function.

3. Equations that cause divisions by zero should be avoided.

Clearly, models for controls require discrete variables that can only take on
certain values, such as for switching equipment on or off. This certainly is
allowed, but must be implemented using a hysteresis to avoid chattering. For
example, an equation suchasy =0if T > 20 C and y = 1 otherwise is not
allowed as this can lead to chattering in continuous time solvers.

5.4.5 Process for Quality Control

The Annex60 library is used as a foundation on which different libraries for
end users are developed. It therefore needs to provide reliable models and re-
sults. Thus, a strict process for quality control was implemented from the start
of the library development. This process includes open source code develop-
ment in a version control system on GitHub, automated regression testing of
the entire library, and a review process before authorizing any code changes.
This process is supervised by a core development team. However, contribu-
tions from the community are encouraged, given that they meet the quality
standards and requirements of the library.

Using git for version control of the source code and documentation of the
library allows for keeping a record of all development stages and changes
of the library. Stable models are kept in the so-called master branch. Ad-
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ditions and code changes are restricted to dedicated branches for feature
development that are documented in a corresponding issue tracker. In or-
der to prevent any unintended effects of code changes to existing models,
the translation statistics and reference results for each model are automati-
cally created, stored, and managed by using the Python package BuildingsPy
(https://github.com/Ibl-srg/BuildingsPy). This package includes functions for
unit testing. The implemented process for quality control requires contributors
to provide a scripted test for every model, so that these tests can be run au-
tomatically for the whole library. When introducing a model and its test, the
simulation results are saved by the unit testing routine. The unit testing is run
before accepting any changes to the master branch. Differences in the transla-
tion statistics and simulation results between reference results and the tested
model are automatically plotted and need to be accepted or rejected manu-
ally, thus guarding against introducing unwanted effects on any of the existing
models.

Once code changes have been documented and evaluated by unit testing, they
need to be reviewed by a second developer. Thus, the author of the changes
issues a pull request to suggest moving the new code into the master branch.
Only after all comments from the reviewer have been addressed by the orig-
inal author of the changes is the new code merged to the master branch. At
the time of writing, this process has been applied to over 400 issues and 1000
changes to the code base. Finally, the underlying version control system can
serve as a safety net if changes need to be reverted despite the described
quality control process. As each step of code change as well as the responsi-
ble author is documented at all times, such corrections require little effort.

5.4.6 Requirements for Adding Classes

The Annex60 library aims at following a coherent set of conventions and re-
quirements to ease maintenance and further development. The library follows
and extends the conventions of the Modelica Standard library. In addition, the
names of models, blocks and packages must start with an upper-case and be
a combination of adjectives and nouns using camel-case to combine multiple
words, whereas instances of these models, blocks and packages start with a
lower case letter. The names of each Modelica function  must start with a
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lower-case character. Instance names are usually a character, such as T for
temperature and p for pressure, or a combination of the rst three characters
of a word, such as TSet for temperature setpoint or higPreSetPoi  for high
pressure set point.

New components of uid ow systems must extend the partial classes de ned
in the package Annex60.Fluid.Interfaces . If the new class is partial
or if it is not intended for the end-user, it must be added to a BaseClasses
package. Each new model must be used in at least one model contained
in the Examples or Validation package, which illustrates or validates its
behavior and is included in the unit tests.

Each class needs to be documented. Every variable and parameter must have
a documentation string. The documentation  section of the model provides
a more comprehensive documentation describing the main equations, model
assumptions and limitations, typical use, options, validation, implementation
and references. Some of these sections are optional as they are not appli-
cable to all models. Each class also contains a list of revisions made by the
developers to keep track of the changes and their rationale.

The robustness of the models is also a key requirement, and the guidance
explained in Section 5.4.4 needs to be followed. Fluid ow models must be
stable near zero mass ow rate even under the assumption that ow rates or

heat input are approximate solutions obtained using an iterative solver. Fluid
ow models must be well-behaved if the mass ow reverses direction. 2 Fur-
thermore, uid ow models use the Annex60.Media models, which have
physical constraints such as the valid temperature range or relative humidity
bounds outside which they are not valid. These bounds need to be taken
into account by the models in order to avoid non-physical situations or con-
vergence problems. Parameters and variables should whenever possible use
units from Modelica.Slunits and they should declare bounds for minimal
and maximal values. Default values for parameters, which can be adapted by
the end-user, should be declared using the start attribute so that the user gets
a warning if no other value has been provided.

2 By well-behaved, we do not mean, for example, that a performance-curve based model of a
direct expansion cooling coil computes the right physical results if there is a slight backward ow,
but rather that the model is robust. For example, it suf ces to add no energy to the air if there is
slight backward ow.
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Each model must be validated using either measurement data, cross validation
with other simulators or with analytical solutions. Validation models need to be
added to the Validation package and be included in the unit tests.

Finally, new models should be in line with the scope of the library as described
in the functional requirements.

5.4.7 Design Decisions

This section describes the main design decisions for the Annex60 library.

5.4.7.1 Media

In Modelica, component models typically call functions to obtain thermody-
namic properties such as the speci ¢ enthalpy.

We experimented with two implementations. One approach called
MediaFunctions was using functions for the thermodynamic proper-
ties of a medium, with an enumeration as a function argument that de-
clares the medium type such as air or water. The other approach called
MediaPackages was using a separate package for each medium type, as is
done in Modelica.Media

The main differences between these two implementations are as follows:

1. For MediaFunctions , models of HVAC equipment require parame-
ters for the medium type and for the default values of pressure, tempera-
ture, mass concentration and trace substances. The medium type needs
to be propagated to the functions that compute the thermodynamic prop-

erties.
2. For MediaPackages , there is one package for each media type, as
in Modelica.Media . Models of HVAC equipment contain a replace-

able parameter for the medium package that needs to be set to medium
type. Prior to the model translation, the medium type such as water, air
or glycol must be declared, but its concentration can be changed after
translation.
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Based on these implementations, we decided to organize media in packages
as is done in Modelica.Media . The bene ts are:

1. Full compatibility with Modelica.Media

2. Default values for the medium, such as the default pressure and mass
concentration, can be propagated through its declaration because pack-
ages can contain constants.

3. Modelica translators can verify that connected uid ports contain the
same medium, and refuse to translate the model if this is not satis ed.

The advantage of using MediaFunctions  would be that only two sets of
FMUs need to be generated, one for the single species medium water, and
one for the dual-species media such as air and glycol. However, the cost of
separately compiling FMUs for air and for glycol is small as this can be fully
automated and be done as part of a simulation engine development.

While the implementation of Annex60.Media is compatible with
Modelica.Media , we generally use simpler implementations. For ex-
ample, in Annex60.Media.Air , water is only present in vapor form even if
the water vapor pressure is above the saturation pressure. This allows for the
computation of temperature from speci ¢ enthalpy and mass concentration
without requiring iterations, thereby leading to more ef cient models.

5.4.7.2 Fluid Connectors

We decided to use the same uid connectors as de ned in Modelica.
Fluid . These connectors declare the medium package (used to assert that
only models with the same medium are connected), the mass ow rate as the
conserved quantity, the absolute pressure as the potential variable, and the
following variables that are carried by the mass ow: the speci c enthalpy, op-
tionally the mass fraction such as to declare the mass concentration for water
vapor in air, and optionally trace substances. Trace substances are concentra-
tions that can be neglected for the thermodynamic calculations such as CO;
or VOC concentrations.

We also explored using temperature instead of speci ¢ enthalpy in the con-
nector. Modelica's concept of flow and stream variables allows connecting
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multiple uid ports. It then automatically generates the conservation equation
mix = L (5.8)

where s the conserved quantity, m" = max(0, m) is the mass ow rate if it is
positive and the subscripts mix stands for the mixture and i for the connected
ports. If = his the speci c enthalpy, then hpy is always correct. If =T
were temperature, then T, is wrong if the speci ¢ heat capacity ¢, depends
on temperature. We therefore selected the speci ¢ enthalpy to be in the uid
connector, as is also used in Modelica.Fluid

5.4.7.3 Package Structure

In Modelica, classes can be collected and organized hierarchically into pack-
ages. This section describes how the Annex 60 library organizes classes into
the following main packages:

BoundaryConditions contains models for weather data
reader, solar radiation and sky temperature.

Controls  contains models for continuous time and discrete time
controllers and for set point scheduling.

Fluid is the main package that contains thermo uid ow com-
ponents such as heat exchangers, pumps, valves, air
dampers and boilers. We considered introducing subpack-
ages Fluid.{Air,Water,Glycol} but have not done
so yet as this would lead to duplication of code and docu-
mentation. Consequently, users always need to assign the
media.

Utilities contains the major packages Psychrometrics
which implement blocks and functions for psychrometric
properties, and Math, which provides blocks and functions
that are once continuously differentiable approximations to
functionssuchasmin: R R! R,abs: R! R,the Heav-
iside step function or cubic spline interpolation. The functions
in the Math package are used to satisfy the earlier discussed
differentiability requirements.
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Major packages contain user guides, and all packages contain an Examples
or a Validation package that demonstrates how to use the models, and
that are used for validation and regression testing.

5.4.8 Main Classes of the Library

The Annex60 library provides models for simulating HVAC systems in build-
ings, containing both hydronic and air ow models. These systems combine
different types of components such as energy and mass transfer models, me-
dia models for air and water, control models and supporting utilities. These
types are grouped in separate packages. This section gives the highlights of
these packages.

5.4.8.1 Fluid Component Models

A typical HVAC system contains components such as valves, pumps, dampers
and heat exchangers. Essentially these are all components that transfer mass
and/or energy. These models are therefore grouped in the Fluid package.
The most important parts of this package are now discussed.

Conservation of Energy and Mass Since all of these models need to con-
serve mass and energy, the Fluid package heavily relies on the model
ConservationEquation that implements these conservation laws. The
model is implemented in a generic way such that it can be used for dif-
ferent types of media: compressible and incompressible and media with
or without moisture or trace substances. The energy and mass conserva-
tion laws can be con gured to be a steady state or dynamic balance. The
ConservationEquation model is instantiated by the MixingVolume
model, which is used by most equipment models.

Flow Networks  Since the physics of fans and pumps is similar, they are im-
plemented using the same models in the Movers subpackage. This package
contains four mover models, each using a different control signal:
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FlowControlled_m_flow This model directly sets the mass
ow rate, independent of the head pressure that results from
the duct or pipe network simulation.

FlowControlled_dp This model directly sets a pressure
head, independent of the mass ow rate that results from
the duct or pipe network simulation.

SpeedControlled_Nrpm This model sets the speed. Mass
ow rate and pressures are calculated from similarity laws,
from a user-provided pump curve and the duct or pipe net-
work simulation.

SpeedControlled_y This model is identical to
SpeedControlled_Nrpm , except that the input sig-
nal is normalized by the nominal speed.

Various types of ow resistance are implemented. For example,
Fixed%esistancerM implements a pressure curve according to K, =
Mpom=  Prom = M= P, where myym is the nominal mass ow rate,  Prom

is the nominal pressure drop, and m and p are the actual mass ow rate and
pressure drop. In a neighborhood around zero, this function is regularized. In
valves and dampers, the K, value is a function of the actuator input y. The
library implements models in the Actuators  subpackage where the relation
between K, and y is expressed using a linear, quick opening or an equal per-
centage characteristic. Custom opening characteristics using a table can also
be used, as well as a pressure independent characteristic. Various dampers,
two-way and three-way valves of these types are implemented.

Energy Transfer ~ The library provides the model HeaterCooler T , which
is a heater or cooler that maintains an outlet temperature, subject to optional
capacity limits. The outlet temperature is obtained from an input signal. The
model HeaterCooler_u is a variant of this model that takes as an input
a control signal that is proportional to the heat to be added to or removed
from the uid. A heat exchanger with constant effectiveness can be used
to transfer energy between different uid streams. A similar model exists for
a mass exchanger that transfers moisture. The model RadiatorEN442_2
implements a radiator model based on the EN 442-2 norm.
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Other Models  Various models are available for integrating uid components
in larger models. Models from the Sensors package can be used for integrat-
ing control components and for performing analysis. The Sources subpack-
age implements components for enforcing boundary conditions on uid ports.
The user can con gure the model to obtain the mass ow rate or pressure

from a parameter or from an input signal.

5.4.8.2 Media

The library contains media implementations for water and air. Water is con-
sidered to be incompressible with constant thermal properties. Air con-
tains moisture, has a pressure-dependent density and constant thermal prop-
erties. More detailed implementations are available in the subpackages
Specialized.{Air,Water}

5.4.8.3 Control Models

The Controls  package contains basic control components such as PID con-
trollers and blocks for set point resets. Our intention is to expand this package
to provide control blocks and template control sequences that are commonly
used in building control systems.

5.4.8.4 Utilities

The Utilities package contains models that simplify the consistent im-
plementation of other components. The Psychrometrics subpackage, for
example, contains functions and models for relating the vapor fraction and par-
tial pressure to the humidity and wet bulb temperature. The Math subpackage
contains commonly needed once continuously differentiable approximations to
mathematical functions.
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5.4.9 Merging with other Libraries

To automatically merge the Annex60 library with libraries that are based
on it, such as the libraries AixLib , Buildings , BuildingSystems and
IDEAS, developers of these libraries use the Python package BuildingsPy
and execute the following commands:

import  buildingspy.development.merger as m
src ="/home/joe/modelica-annex60/Annex60"

des ="/home/joe/modelica-buildings/Buildings"

mer=m Annex60(src, des)

mer. merge()

These commands copy all Annex60 library models from the directory /
home/joe/modelica-annex60/Annex60 into the library Buildings

in the directory /home/joe/modelica-buildings/Buildings . The
merge() command updates all hyperlinks, references to package names and
le names that contain the Annex60 string. Therefore, users will only see the
respective library and do not have to combine models from different libraries.

5.5 Getting Started

To get started with Modelica, we suggest the following literature for those who
want to use Modelica or want to develop Modelica models.

5.5.1 Literature for Users

The following books are useful for new users to get started:

» The online book with interactive examples of Michael Tiller at http://book.
xogeny.com/.

» The books by Michael Tiller [Til01] and Peter Fritzson [Frill][Fril5].

 The tutorials that are listed at https://www.modelica.org/publications.

Although the Modelica Language Tutorial at https://www.modelica.org/
documents/ModelicaTutorial14.pdf is for an older version (Modelica 1.4), it is
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still instructive and relevant to understand the concepts of the language.

The Annex60 library as well as the libraries that use it as their core contains
hundreds of examples of varying complexity that can be simulated and modi-
ed to get accustomed to using Modelica.

5.5.2 Literature for Developers

For users who develop new thermo uid models, it is essential to under-
stand the concept of stream connectors. Stream connectors are explained
in the Modelica language de nition, available at https://www.modelica.org/
documents, and in [FCO+09a]. Furthermore, developers should have a proper
understanding of the implications of ow reversal and know when what types
of algebraic loops are generated. This is discussed in [JWH15].

The Annex60 library uses similar modeling principles, as the Modelica.
Fluid library. Hence, we also recommend reading the paper about the
standardization of thermo uid models in Modelica.Fluid as described in
[FCO+09b].

Xogeny's Modelica Web Reference at http://modref.xogeny.com/ gives a con-
cise overview, explanation and further links about the Modelica language.

5.6 Conclusions

Using Modelica allowed using and contributing to an open standard for model
representation, which is supported by a large ecosystem of tools, has an active
development and user community, and enjoys signi cant investment from var-
ious industrial sectors. Using a multi-disciplinary modeling language allowed
for interdisciplinary collaboration among communities in engineering, applied
mathematics and computing. Collaboration between these research commu-
nities that have deeper knowledge of their respective elds has shown to be
critical in addressing increasingly challenging demands on computational tools
that support the design and operation of high performance buildings and com-
munities.
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At the rst expert meeting of the planning phase of Annex 60, in March 2013
at RWTH Aachen, Germany, participants were hesitant to open up their pro-
prietary development, open-source their code and embark on a joint develop-
ment of an open-source library that should become the core of their respective
libraries. However, as the collaborations slowly took shape, participants saw
the value in avoiding duplicative work, in conducting collaborative research
and in jointly developing a core library. Hence, participants ended up investing
a considerable amount of work in scrutinizing different implementations, refac-
toring their respective libraries and sharing previously proprietary code. As a
result, the four major Modelica libraries for building and district energy systems
now all share the same set of core models, they became more robust, better
validated and compatible with each other. With this shared development, An-
nex 60 created a robust, open-source basis for a model library for the buildings
performance simulation community. As of this writing, the further development
of this code is being transferred from the umbrella of the IEA EBC Programme
to the International Building Performance Simulation Association IBPSA.



Chapter 6

Activity 1.2: Co-simulation
and Model Exchange Using
the FMI Standard

6.1 Introduction

6.1.1 Motivation for Coupled Simulation

Currently, there is a signi cant number of sophisticated simulation models and
tools available for use in building energy simulation. Models and parametriza-
tion are provided by different specialists, with some models being the outcome
of many years of development. Hence, different programming languages and
modeling approaches are used.

Often, a tool misses functionality provided by others. For many applications it
is desirable to use several simulation tools concurrently and make use of re-
sults generated by the different models. Consequently, tools running transient
simulations often need results generated by other models at runtime. For ex-
ample, a building energy simulation model computing room air temperatures
may require heating loads from an HVAC supply system, with the latter coming
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from a simulation model external to the building simulation tool.

Pure integration of several existing models into a single simulation tool is tech-
nically very dif cult, in particular since many tools include their own numerical
solver engines and calculation algorithms. Moreover, different simulation tools
manage their internal data differently, which further complicates their integra-
tion. Also, given different authors, domain experts, copyright limitations, etc.
an integration into a single tool may not be meaningful or possible at all. Lastly,
future development and maintenance of such an integral model may be dif cult
to organize. It is also dif cult to ensure lasting nancial support for develop-

ment and maintenance of a complex integral simulation tool authored by many
individual developers.

Translating existing models into modular equation-based languages such as
Modelica could be considered as an alternative, and could bene t from mod-
ern Modelica features. Modular, hierarchical design could be used and Model-
ica tools would be able to optimize the system of resulting equations for perfor-
mance. However, this approach may not be economically feasible regarding
the expected overhead of translating a large number of existing models, and
their documentation. Also, copyright and intellectual property protection may
not permit integrating their existing model code.

As an alternative, new and existing code of complex systems can be decom-
posed into sub-systems, the subsystems simulated with the simulator which
suits best the speci ¢ domain, and interface variables exchanged as the sim-
ulation progresses.

Co-simulation is a technique in which simulators are executed simultaneously
while exchanging data during run-time. In this context we refer to simulators,
also called slaves, as individual component models described by differential
algebraic or discrete equations.

The simulators typically embed systems with differential-algebraic equations.
Each simulator may implement different numerical techniques tailored to a
speci ¢ physical or mathematical problem. This includes the possibility that
through usage of special programming language features, memory layout,
parallelization or other speci c optimization, the specialized implementation
for model equations may perform better than an equivalent model in a generic
simulation environment.
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6.1.2 Need for a Tool Coupling Standard

When considering coupled simulation of different tools, several options are
available:

1. When access to source code is possible, or tool developers can work
actively together, tools may interface directly. Simulation tool develop-
ers may even incorporate calculation capability from another tool into
their own code. Such a procedure depends on many prerequisites, such
as compatible programming languages, proper license agreements,
data and calculation structure compatibility and suf cient developer re-
sources. In many cases the resulting code can be considered as a new
integrated tool and not really a coupled tool.

2. In the one-to-one approach, two tools implement a speci ¢ protocol that
regulates exchange of data during runtime. This approach is the most
exible and can support any kind of numerical solution method and also
take into account peculiarities of the tools involved. However, the imple-
mentation may need to be continuously updated when one of the tools
evolves. Also, if tools are developed independently, testing and checking
of correct functionality may become time-consuming. Furthermore, in-
terfacing with a third tool typically requires reformulation or adaptation of
the protocol and effectively implementing another coupling mechanism
tailored to the new tool. Lastly, the development of a clear application
programming interface (API) speci cation and the semantics of the tool
coupling is dif cult, and subsequent revisions to this API may incur large
development costs.

3. To overcome the need for, potentially many, one-to-one exchange pro-
tocol implementations a middleware could be used. This acts as a hub
for several tools that interface with it and relays communicated data to
other connected tools. This approach is less exible than the one-to-one
approach, since a common ground on interface capability needs to be
agreed upon. When interfacing domain-speci ¢ tools, the middleware
can be tted to the speci cs of the problem types and applied numerical
methods. Tools need to implement only a single interface and commu-
nication protocol and only need to revise code when the middleware is
upgraded. However, the same problem regarding the API speci cation
as for the one-to-one approach remains.
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In the past, many tool coupling technologies have been developed and ap-
plied, with different mathematical concepts and programming interfaces. Many
have been tool-speci c proprietary interfaces that may change frequently as
the original tool developers see t. Further, the details of interfaces are of-
ten restricted to certain applications and lack functionality needed in other
physical domains. This is particularly true for domain-speci ¢ middleware ap-
proaches. In addition, closed-source middleware implementation details may
change from version to version, thus potentially render previously connected
tools incompatible.

To overcome these limitations it was necessary to develop an open-source
and community driven standard for coupled simulation. In 2008 the Mod-
elisar project started to develop such a standard, named the Functional
Mockup Interface (FMI, https://www.fmi-standard.org/). Finally, with the ini-
tial 1.0 release, a standard for interfacing simulation tools has become avail-
able. See [BOA+11] for an introductory paper and https://www.fmi-standard.
org/literature for various literature about FMI.

6.1.3 Overview of the FMI Standard

The FMI standard describes the mathematical concept for coupled simulation
of several simulators, called Functional Mockup Units (FMU). The FMI stan-
dard de nes the following:

1. Aset of C-functions (FMI functions) that allow exchange of data between
FMUs. The standard de nes the signature of these function, their re-
quired behavior, e.g., the semantics, and it also prescribes during what
state of the simulation these functions can or must be called.

2. An XML scheme that is used by each FMU to publish meta-data of
the model and the simulator. These data are stored in a le called
modelDescription.xml . It contains meta-data such as the number
and type of variables to be exchanged and integrated, the capabilities of
the simulator, and the mathematical structure the FMU.

3. A zip le with extension fmu that is used to package the XML le, the
compiled binaries with the implemented FMI functions, optionally the
original source code, as well as resources (databases, project parame-
ters, etc.) required to execute the model.
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The FMI standard allows two modes of encapsulating a model: model-
exchange and co-simulation. The next sections describe these modes.

6.1.4 Mathematical Aspects of Model Exchange and Co-
Simulation

With respect to solving the coupled system of equations arising from all FMUs
within one simulation system, two different approaches are standardized. The
rst, called model exchange, requires a central time integration algorithm that
solves collectively the system of differential-algebraic equations de ned within
the FMUs.

The second approach, called co-simulation, de nes a methodology for inter-
connecting different encapsulated models and numerical solution methods.
The individual FMUs incorporate their own integration method that may be tai-
lored towards the physical problem to solve. Also, existing simulator engines
can be re-used by implementing a co-simulation interface. The co-simulation
master algorithm needs to ensure agreement of all exchanged variables, i.e.
that variables computed by one FMU and used by another are correctly syn-
chronized among the tools.

The next sections describe FMI for model exchange and co-simulation, then
describe how to synchronize FMUs with a master algorithm, and nally how to
generate or export FMUs.

6.1.5 Functional Mockup Interface for Model Exchange

The mathematical concept behind FMI for Model Exchange is based on the
idea that a model can be formulated as a function whose output depends on
parameters, input variables, state variables and time. Parameters are values
that do not change with time. They are assigned at the start of the simulation.
Inputs are values that can change with time.

Consider the example illustrated in Fig. 6.1.

The corresponding Modelica code illustrates the functionality of the model:
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Inputs Parameters Outputs
C K
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Fig. 6.1: Simple room model with air change model and externally de ned heat
source.

model RoomModel
parameter Real C "Room heat capacity in J/K" ;
parameter Real K "Heat loss coefficient in W/K" ;
input Real TOut "Outdoor air temperature in K" ;
input Real P "Heat added to the room in W" ;
output Real Q flow "Heat exchange with the ambient in W" ;
Real T(start =293.15 ) "Room air temperature in K" ;
equation
Q flow =K = ( TOut - T);
C «* der(T) = Q_flow + P;
end RoomModel;

Suppose now a user wants to incorporate this model into a Model Exchange
FMU. The inputs to the model are u = (Toy, P), the state is T, the state deriva-
tive is dT =dt, and the requested output is the heat exchange with the ambient
Q =K (Tout T). The actual calculation code looks like:

/I We have cached the state variable T and
/I inputs TOut and P.

/I Compute the output.

Q_ flow = K ( TOut - T)
/I Compute the time derivative.
dT_dt = (Q_flow + P) / C;

The implementation of the physics of such a model is fairly simple. The model
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obtains input, caches the state variable and computes the output and time
derivative. The time integration will be managed by the simulation master
and is not a task of the model. Therefore, no solver to integrate the ordinary
differential equation through time needs to be implemented. However, model
developers must bear in mind that there is no notion of time step size. Also,
the model implementation must not make the assumption that time is always
increasing, since the simulation master may request the model to be evaluated
several times at the same time, or even requested to go back to a past time
instant. See Section 6.1.7 for more detail.

The FMI standard de nes a state-machine approach for evaluation of the func-
tions that set inputs, update states, compute outputs, etc. This means, that the
model is not evaluated through a single function call passing the complete set
of input variables and expecting all outputs and states at once. Instead, the
model is treated as an object with a state.

The state of an FMU is only modi ed when input variables or the time are
changed by invoking the FMI functions. While the FMI standard prescribes
when the state of the object and outputs are updated, the model can make
use of ef cient implementation. For example, in our implementation above,
if the input P is updated but TOut and T remains unchanged, then Q_flow
= K+ ( TOut - T) need not be recomputed, saving unnecessary model
computation time.

In the model implemented above, all outputs can readily be evaluated without
any iteration. However, some FMUs may involve equations that form an alge-
braic loop. For example, an FMU may implement a hydraulic network which
requires an iterative solution to compute pressures and mass ow rate. In
this situation, the numerical algorithm to solve such an algebraic loop, typically
a Newton-Raphson method, needs to be part of the FMU. Alternatively, the
model can be split into two FMUs, and the task of resolving algebraic loops
may be delegated to the master algorithm (see Section 6.1.7).

6.1.6 Functional Mockup Interface for Co-Simulation

Co-Simulation describes a calculation method that requires each simulator to
integrate its own model equations over a time interval requested by the mas-



10

11

12

13

14

15

98 Activity 1.2: Co-simulation and Model Exchange Using the FMI Standard

ter algorithm, and exchange outputs only at certain time instants called the
communication points. At these communication points, the master algorithm
retrieves output variables, and distributes them to other FMUs that use these
outputs as inputs. Once the inputs have been updated, the master requests
each FMU to integrate to the next communication point. If a simulator cannot
advance time to the next communication point, for example because its error
would be too large, or because an event happened inside the simulator, it can
report this to the master algorithm, which then may request other FMUs to
redo their time integration over a shorter time interval.

Co-simulation slaves are, similar to Model Exchange simulators, state objects.
The key difference is that for model-exchange, FMUs output the time deriva-
tives of their continuous-time state variables, whereas for co-simulation, FMUs
need to integrated this states themselves and output the new values of the
state variables.

If the room model example from the previous section is implemented as an
FMU for co-simulation, the time integration needs to be performed manually.
In the example code below, a simple explicit Euler Integration is implemented:

/I We are requested to integrate over the communication
/I interval with length h beginning at current time t.

/I The FMU state T is stored at time t.
/I We have cached the inputs TOut and P at time t
/I which are treated constant over the interval t...t+h.

steps = h/dt; // number of integration steps

for (unsigned int i =0; i < steps; ++i) {
/I compute time derivative
Q flow = K=+ ( TOut - T);
/I Update the state
T=T+d * (Qflow + P) / C)

Note that the explicit Euler integration algorithm with xed time step size may
be inef cient. During the time integration from one communication time step
to the next, the FMU assumes its inputs to be constant, while in actuality, they
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may vary more frequently through time. Hence, large communication time
steps can incur large errors of the co-simulation.

For example, consider again the thermal room model example above. Sup-
pose the heat added to the room P is computed by a heating system in an-
other FMU. The heater may be controlled by the room temperature and re-
duce heating power when the set point temperature is approached. The room
model provides the room temperature as output. At the beginning of the com-
munication interval, this temperature is passed as input to the heating model,
and being below the set point temperature, a heating power is computed. This
heating power is then passed to the room model. During the time integration
of the room model, this heating power remains constant, and may eventually
lead to a room temperature above the set point temperature, as illustrated in
Fig. 6.2,

T

-

\j

Fig. 6.2: lllustration of room air temperature exceeding the set point temperature due
to delayed variable exchange.

While the co-simulation method is a exible tool coupling approach, it is impor-
tant to control communication interval sizes and implement suitable algorithms
that handle events and control the numerical error of the coupled equations.

1 To allow larger communication time steps, the FMI standard also allows for providing time
derivatives of the continuous real inputs.
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6.1.7 Master Algorithms

We will now describe simple master algorithms for model exchange and for co-
simulation. Master algorithms synchronize the different FMUs, assign inputs to
FMUs, and in the case of model exchange, also provide solvers for differential
equations and algebraic equations that are formed by connecting FMUs.

Model exchange master algorithms need to solve systems of differential alge-
braic equations (DAE). Typically, master algorithms provide different choices
for such solvers. When solving the DAEs, the FMU is treated as a mathemat-
ical function that computes outputs and time derivatives for given time, inputs
and states.

We will now use the FMU example model from Section 6.1.5 to illustrate a
simple model exchange master algorithm. An instantiated FMU, named sim-
ulation slave, is evaluated in a time integration loop that is the core of the
Model Exchange master algorithm. In the following example, an Explicit Euler
integration method is used with a prede ned number of integration steps:

/Il ... the FMU slave is instantiated and initialized

/I We have stored the initial state of the FMU
/I in the variable x.
/I The instance m is a pointer to the model.

/I Set constant time step sizes based on selected
/Il steps in the master.
double dt = (t.end - t start) /[ steps;

/I integrate

for (unsigned int i = 0;i < steps; ++i) {
/I Set new time.
M_fmi2SetTime(m, t_start + dt o i)
/I Set inputs.
M_fmi2SetReal(m, ..., &TOut);
M_fmi2SetReal(m, ..., &P);
/I Set state variables
M_fmi2SetContinuousStates(m, &T, 1);
/I Retrieve the computed time derivative.
M_fmi2GetDerivatives( &AT_dt);



22

23

24

6.1 Introduction 101

/I Integrate in time.
T=T+ dt = dT_dt

In general, a more sophisticated integration algorithm is needed to ensure
that the integration error remains below a user-prescribed tolerance, to handle
time events and state events, and to integrate the equations more ef ciently.
Typically, an adaptive time step method is used that adapts the integration time
step based on an estimate of the integration error and events. Furthermore,
if algebraic loops are present, the master algorithm needs to provide a linear
or nonlinear solver. Such algebraic loops are formed if the outputs and inputs
of an FMU have direct dependency, and the inputs and outputs with direct
dependency are connected with each other.

Implicit time integration methods and nonlinear equation solvers typically use
a Newton-Raphson algorithm. Since the Newton-Raphson algorithm builds
a Jacobian matrix that has the same dimension as the number of variables,
this operation can be computationally expensive. The use of sparse Jaco-
bian matrices is helpful, but requires information on dependencies of individ-
ual variables on others. The ability for an FMU to publish such dependency
information has been added to the FMI standard in version 2.0. The informa-
tion about dependency also allows usage of ef cient asynchronous numerical
time integration algorithms such as Quantized State Systems (QSS) methods
[ZL98][Kof03][FK14].

Co-simulation master algorithms assign inputs to outputs of other FMUs, as-
sign the requested time step to FMUs, and advance time of the co-simulation.
Hence, each FMU is responsible for integrating in time its continuous-time
state variables from the current time to the next communication time point.

Next, we illustrate a basic co-simulation master algorithm with a simple ex-
ample. Suppose, the room model example above was complemented by a
controlled heating model which takes the room air temperature as input and
computes the required power of the heating unit based on a temperature set-
point. The heating model and the room model both hold a state at a certain
time point. Advancing from this time point to the next communication point can
be managed by the co-simulation master algorithm as follows:
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/I The FMU slaves are instantiated and initialized.
/l s1 is the room model, and s2 is the heater model

/I Both FMU slaves are at time t and the master algorithm
/Il has cached the output variables of both slaves.
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t = startTime;

h = communicationTimeStep;
/I Loop over all slaves.
while (tc < stopTime &&

statusl == fmi20OK &&

status2 == fmi20K)
/Il Retrieve outputs.
sl fmi2GetReal(sl, ..., 1, &);
s2_fmi2GetReal(s2, ..., 1, &P);
/I Set inputs.
sl fmi2SetReal(sl, ..., 1, &P);
s2_fmi2SetReal(s2, ..., 1, &);
/I Advance time.
statusl = sl1_fmi2DoStep(sl, t, h, fmi2True);
status2 = s2_fmi2DoStep(s2, t, h, fmi2True);
/I Increment master time.
t += h;

In this example, the master algorithm retrieves outputs, assigns them as inputs
to the other FMU, and then requests the FMUs to advance time. Not shown
in this example is error handling, as well as handling the situation in which an
FMU may reject to advance time to t+h .

The choice of the co-simulation master algorithm can have a great impact on
overall performance, as well as on the correctness of the result, in particular
in the presence of an event. To ensure that the results of co-simulations of
hybrid systems are deterministic and, hence, equal regardless of the tool that
implements the master algorithm, [BGL+15] provides requirements and a test
suite with expected results that can be used to verify correctness of master
algorithms.
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6.1.8 Exporting and Importing of Functional Mockup Units

Simulation programs may generate and export FMUs. During FMU export, the
simulation model is exposed in such a way that it can be used with the FMI
functions for model exchange or co-simulation. The result of the FMU export
is a zip le, called the FMU le, as described in Section 6.1.3.

A simulation master or a simulation environment needs to import FMUs in or-
der to use them. Importing FMUs consist of extracting the FMU le, parsing
the modelDescription.xml le, and connecting the internal data struc-
ture with the FMI functions provided by the FMU. Through these FMI functions,
the master or the simulation environment will interact with the model that was
provided inside the FMU.

6.2 Use Cases and Applications

Having explained the FMI standard and its philosophy of use, we will now
present typical use cases and applications in the design and operation of build-
ing and district energy systems in which utilizing FMI offers interesting and in-
novative perspectives. We will present typical and generic use cases, as well
as speci ¢ applications that were developed by participants of this activity.

6.2.1 Simulation-Based Building Operation

This use case describes how FMI can be applied to monitor the actual perfor-
mance of a building relative to the design intent during operation.

During the design, an HVAC designer creates a simulation model of a building,
including its HVAC system and controls. The designer then exports the model
as an FMU for co-simulation and imports it into a building management system
(BMS) such as NiagaraAX. In the BMS, the designer links the model input to
measured data. The design model can then be used to compute expected
room air temperature or energy consumption, which in turn can be used to
compare measured with expected performance. Details of these steps are as
follows:
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* As a rst step, the HVAC engineer develops a model of the building and
its HVAC and control system in a modeling language such as Modelica.

» As a second step, the HVAC engineer simulates the building model along

with its HVAC and control system to ensure correctness of the control
sequence.
Optionally, to verify the control sequence, the HVAC response and the
building response, the model could be decomposed into these three sub-
systems: Measured data could be fed into the control model to verify
actual versus expected control actions; the control signals of the ac-
tual system, together with measured outdoor and room conditions could
be sent to the HVAC model to verify actual versus expected HVAC ef -
ciency; and the measured HVAC supply conditions and outdoor condi-
tions could be sent to the building model to verify actual versus expected
energy provided to the rooms.

* As a third step, the model of the building with its HYAC and control se-
quence is exported as an FMU for co-simulation and imported into the
building management system. The exported system model can then run
in real-time to compute the expected performance of the building.

For more information, see [NW14].

6.2.2 Design and Operational Analysis of Energy, Control
and Communication Grids

Buildings as components of an energy system consume, store and produce
energy. In order to provide more global energy ef cient solutions and to facil-
itate the integration of intermittent energy resources, one should consider the
interaction of clusters of buildings with the electrical, gas and, if district heating
or cooling is present, thermal networks. Such energy grids may have overlying
centralized or distributed control, coupled through communication networks.

Such networks are complex systems composed of multi-disciplinary, multi-
physics components that can be dif cult to handle by any one functional do-
main: energy assets, information and communication technology and busi-
ness processes. Energy assets (electrical components, buildings and HVAC
systems, industrial processes, thermodynamics) are conveniently described
by differential algebraic equations. In other domains, typically for information
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Fig. 6.3: Simulation-based performance monitoring in which an FMU is imported in
NiagaraAX.

and communication technology, components are more conveniently expressed
by event-based modeling (e.g. representing a market that negotiates energy
prices and energy allotments, messaging among distributed equipment, and
switching devices).

For such a wide functional scope, a monolithic approach that uses one model
with one global solver may require simpli ed or reduced order models to be
computationally tractable. In contrast, distributed simulation, possibly with dif-
ferent numerical solvers for the different domains, is a promising alternative to
simulate large systems in parallel. The FMI standard provides a programming
interface for models that allows this distributed simulation. Moreover, by en-
capsulating the domains in FMUs, domain-speci c tools may be reused, such
as for the simulation of large electrical networks that connect the buildings.

To setup such a distributed simulation, the following four steps are typically
done:

1. Generate the models representing the buildings, grid components, con-
trol and communication.
2. Export the models as FMUs.
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3. Connected the FMUs in a master algorithm, possibly using distributed
computing.
4. Control the simulation with a master algorithm.

See also [CBM+16][RGCJ+16] for applications.

6.2.3 Co-Simulation via Domus with Modelica, EnergyPlus
and ANSYS CFX

During the IEA Annex 60 project, the research version of Domus, Domus-r, de-
scribed in Section 6.5.7, has been improved for co-simulation. For EnergyPlus
and Modelica, an FMI for co-simulation import interface has been added, while
for ANSYS-CFX a script-based interface has been added. In a tool-coupling
test case with EnergyPlus, a pure conductive heat transfer envelope model
was encapsulated as an FMU for co-simulation and imported into Domus, with
the objective to validate the Domus FMI interface.

The Domus pixel counting technique (Fig. 6.4 a) has been used for accurate
and fast evaluation of complex shading at internal and external surfaces. The
intention of this use case was to simulate the effect that complex shading has
on building energy use, with the latter being computed in EnergyPlus.

As a rst step of a Domus co-simulation with CFD, Domus has been used
to co-simulate with ANSYS-CFX a hollowed block (Fig. 6.4 b) wall. The re-
sults are promising and demonstrate a functional integration between Domus
and CFX that can expand the current limits of both simulation tools and al-
low 3-D simulation of building elements.The introduction of the co-simulation
in Domus enables detailed, combined consideration of the three heat trans-
fer modes calculated by CFX and integration of this with different tools such
as EnergyPlus and Modelica. This would allow for assessment of indoor air
quality and building energy ef ciency under asymmetric indoor and outdoor
boundary conditions. Nevertheless, the high computer run time for CFD is still
a considerable constraint so that further research is needed to make it viable.
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Fig. 6.4: The use of pixel counting technique for accurate and fast evaluation of
complex shading (a) at an external surface due to a non-planar tree. (b) The hollowed
block used in the wall ANSYS CFX co-simulation and (c) the preliminary results.

6.3 FMI-Compliant Tools for Buildings and District
Simulation

This section provides an overview of FMI-compliant simulation tools that are
either speci cally developed for, or useful for, building simulation. While
the majority of these tools have been developed outside of Annex 60, they
are listed here to guide new users. A more comprehensive list of those
that support the FMI standard can be found on the FMI-Standard website
(https://www.fmi-standard.org/tools).

Dymola (http://www.3ds.com/products-services/catia/products/dymola/) is an
environment that supports modeling and simulation of multi-physics systems
implemented in the Modelica language. Dymola can be used to import and
export models as FMUs for both co-simulation and model exchange.

JModelica (http://www.jmodelica.org/) is a Modelica-based open source plat-
form for optimization, simulation and analysis of complex dynamic systems.
JModelica has been used by the building simulation community for the simu-
lation and optimization of building energy systems. It supports the export and
import for FMUs for model exchange and for co-simulation using the PyFMI
Python package.


https://www.fmi-standard.org/tools
http://www.3ds.com/products-services/catia/products/dymola/
http://www.jmodelica.org/
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OpenModelica (https://openmodelica.org/) is an open-source Modelica-based
modeling and simulation environment. It has been used in the building com-
munity for the modeling and simulation of building energy systems. It supports
the export and import for FMUs for both model exchange and co-simulation.

SimulationX (https://www.simulationx.com/) is a modeling and simulation tool
which can be used for energy ef ciency and HVAC systems modeling and
simulation. It supports the export and import of FMUs for both co-simulation
and model exchange.

MATLAB/Simulink  (http://mathworks.com/products/simulink/) also support
FMI import and export using the Modelon FMI toolbox (http://www.modelon.
com/products/fmi-toolbox-for-matlab/). A building application case and some
implementation comparisons can be found in [WJEP15].

Ptolemy Il is an open-source software framework [Pto14] supporting exper-
imentation with actor-oriented design. Actors are software components that
execute concurrently and communicate through messages sent via intercon-
nected ports. Ptolemy Il has been used to create the Building Controls Virtual
Test Bed (BCVTB) [Wetlla]. Ptolemy Il supports the import of FMUs which
implement FMI 1.0 and 2.0 for co-simulation and model exchange. A large
district energy system co-simulation has been implemented in [ZJB+16].

PyFMI (https://pypi.python.org/pypi/PyFMI) is a python package for loading
and interfacing with FMUs for co-simulation and model exchange. PyFMI is
available as a stand-alone package or as part of the JModelica.org distribu-
tion. PyFMI has been used by the building simulation community for appli-
cations such as fault detection and diagnostics, and model predictive con-
trols. A building co-simulation example using Dymola models can be found in
[RRDW15].

MasterSim (http://mastersim.sourceforge.net) is a co-simulation master algo-
rithm implementation and graphical user interface written in C/C++ (Windows/-
Mac/Unix) for coupled simulation of FMUs using FMI 2.0. It supports error
controlled co-simulation and iterative master algorithms that set and get the
state variables.

EnergyPlus (https://energyplus.net/) is a whole building energy simulation pro-
gram that engineers, architects, and researchers use to model energy con-
sumption for heating, cooling, ventilation, lighting and plug and process loads,


https://openmodelica.org/
https://www.simulationx.com/
http://mathworks.com/products/simulink/
http://www.modelon.com/products/fmi-toolbox-for-matlab/
http://www.modelon.com/products/fmi-toolbox-for-matlab/
https://pypi.python.org/pypi/PyFMI
http://mastersim.sourceforge.net
https://energyplus.net/
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as well as water use in buildings. Import and export of model FMUs are avail-
able for co-simulation [NWZ14]. Numerous applications can be found in the
literature, see for example [DEP16][ZJB+16].

WUFI+ (https://wu .de/en/software/wu -plus/ ) is a hygrothermal whole build-
ing simulation program which supports the import of FMUs for co-simulation
[PBR+12]. The FMU import functionality was added to integrate Modelica
HVAC system models to WUFI.

TRNSYS (http://www.trnsys.com/) is a graphically-based software environ-
ment used to simulate the behavior of transient systems. Even though TRN-
SYS itself does not of cially provide FMI support, there is a dedicated FMI-
based tool coupling solution openly available at http://trnsys-fmu.sourceforge.
net. Furthermore, the feasibility of importing FMUs in TRNSYS through a
TRNSYS Type has been demonstrated in [EWP+13][EAWP13].

DIgSILENT PowerFactory (http://www.digsilent.com/) is a state-of-the-art
industrial-grade modeling and simulation tool for electrical networks. Even
though PowerFactory itself does not of cially provide FMI support, it pro-
vides several APIs for co-simulation and there is a dedicated FMI-based tool-
coupling solution openly available (see http://powerfactory-fmu.sourceforge.
net) that utilizes these APIs in an FMI-compliant way.

6.4 FMU Export Facilities

This section describes software packages that can be used to export FMUs
and were developed by participants of the Annex 60.

6.4.1 THERAKLES (Room Model)

THERAKLES (http://www.bauklimatik-dresden.de/therakles) is a single-zone
hygrothermal model with detailed construction models developed at the Insti-
tute for Building Climate Control of the TU Dresden. It includes basic equip-
ment component models. It provides modeling of the thermal storage of the
wall by use of spatial discretization techniques. Focusing on deployment in
engineering practice, it also provides a user-friendly graphical user interface.


https://wufi.de/en/software/wufi-plus/
http://www.trnsys.com/
http://trnsys-fmu.sourceforge.net
http://trnsys-fmu.sourceforge.net
http://www.digsilent.com/
http://powerfactory-fmu.sourceforge.net
http://powerfactory-fmu.sourceforge.net
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For simulation with more advanced equipment and control logic, the THERAK-
LES model can be exported as an FMU for model exchange and co-simulation
according to the FMI 2.0 standard. A graphical dialog is provided to lead the
user through the export process. The generated FMUs provide reset func-
tionality for state variables. Thus, all exported FMUs support error-controlled
co-simulation.

THERAKLES has its own climate data base and exports calculated climatic
data during simulation. The climate model is encapsulated in the CCM-library
which supports an internal binary data format but also reads and converts data
from = .epw le format.

6.4.2 NANDRAD (Building Energy Simulation/Multizone)

NANDRAD (http://www.bauklimatik-dresden.de/nandrad) is a building energy
simulation framework developed at the Institute for Building Climate Control
at TU Dresden. The NANDRAD tool is a command line application designed
for the ef cient simulation of complex buildings, including detailed wall models.
The resulting large differential equation system is solved by state-of-the-art nu-
merical methods, such as Newton-Krylov-iteration methods and sparse matrix
algorithms.

NANDRAD supports FMU export for FMI 2.0 co-simulation and model ex-
change by a script-based automated procedure. The provided input and output
interfaces allow the coupling between the NANDRAD building simulation and
an external HVAC model, for example a heating or a hydraulic cycle Modelica
model. The import of the FMU into a Modelica environment is directly sup-
ported by an automatically generated wrapper model. This wrapper encapsu-
lates the NANDRAD FMU, connects all inputs and outputs with vector valued
ports and generates a graphical representation. Additionally, NANDRAD pre-
calculates heating and cooling design data and publishes it in a report le.

Similar to THERAKLES, the NANDRAD FMUs support getting and setting of
state variables and climate data export.


http://www.bauklimatik-dresden.de/nandrad
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6.4.3 EnergyplusToFMU

EnergyPlusToFMU (https://github.com/Ibl-srg/EnergyplusToFMU) is a soft-
ware package written in Python that allows users to export the building simu-
lation program EnergyPlus version 8.0 or higher as an FMU for co-simulation
using the FMI standard version 1.0. This FMU can then be imported into a
variety of simulation programs that can import a FMU for co-simulation. This
capability allows, for instance, for modeling the envelope of a building in En-
ergyPlus, exporting the model as an FMU, and then importing and linking the
model with an HVAC system model developed in a system simulation tool such
as the Modelica environment Dymola. EnergyPlusToFMU is released under an
open-source BSD-license.

TSetHea conHea
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Fig. 6.5: An EnergyPlus room model has been exported as an FMU. This FMU is
coupled to a controller implemented in a Modelica simulation environment.

6.4.4 FMI++ TRNSYS FMU Export Utility

Even though TRNSYS itself does not of cially provide FMI support, there is a
dedicated FMI-based tool coupling solution openly available, called the FMI++
TRNSYS FMU Export Utility. It has been developed using the FMI++ library
(see http://fmipp.sourceforge.net/) and enables the export of a TRNSYS model
with a Python script as an FMU for co-simulation, using FMI 1.0.

The export tool provides to modelers a special TRNSYS block called
Type6139. This type provides external data sent to TRNSYS as inputs to


https://github.com/lbl-srg/EnergyplusToFMU
http://fmipp.sourceforge.net/
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the model and also allows for sending data as external outputs. Apart from the
additional input and output block of this type, TRNSYS models are constructed
in the usual way as shown in Fig. 6.6.

The FMI++ TRNSYS FMU Export Utility is released under an open-source
BSD-license and is available at http://trnsys-fmu.sourceforge.net
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Fig. 6.6: Example of a TRNSYS model containing blocks of Type6139 for FMU export.

6.4.5 FMI++ PowerFactory FMU Export Utility

The FMI++ PowerFactory FMU Export Utility is a stand-alone tool for export-
ing FMUs for Co-Simulation (FMI Version 1.0) from DIgSILENT PowerFactory
models, based on code from the FMI++ library (see http:/fmipp.sourceforge.
net/). It provides a Python script that creates FMUs from certain PowerFactory
models, including the XML model description and shared libraries. Additional
les (e.g., time series les) and start values for exported variables can be spec-

i ed. Currently only steady-state simulations are supported, where the system
evolution with respect to time comprises a series of load ow snapshots.

The FMI++ PowerFactory FMU Export Utility is released under an open-source
BSD-license, available at http://powerfactory-fmu.sourceforge.net


http://trnsys-fmu.sourceforge.net
http://fmipp.sourceforge.net/
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6.5 Simulation Environments and Master Algo-
rithms for FMI

This section describes simulation environments with FMU import facilities and
master algorithms that have been developed by Annex 60 participants. It also
describes numerical methods that have been implemented to integrate in time
FMUs for model exchange.

6.5.1 Building Controls Virtual Test Bed

The Building Controls Virtual Test Bed (BCVTB) is a free, open-source middle-
ware based on Ptolemy Il (http://ptolemy.eecs.berkeley.edu/). It allows users
to couple different simulation tools for data exchange during run-time and for
real-time simulation. Programs that are linked to the BCVTB are

1. EnergyPlus, the whole building energy simulation program,

2. Dymola, the Modelica modeling and simulation environment,

3. Functional Mock-up Units (FMU) for co-simulation and model-exchange

for the Functional Mock-up Interface (FMI) 1.0 and 2.0,

MATLAB and Simulink tools for scienti ¢ computing,

Radiance, the ray-tracing software for lighting analysis,

ESP-r, the integrated building energy modeling program,

TRNSYS, the system simulation program,

BACnet stack, which allows exchanging data with BACnet compliant

Building Automation System (BAS),

9. USB-1208LS, the analog/digital interface from Measurement Computing
Corporation that can be connected to a USB port.

© N A~

Fig. 6.7 shows its graphical user interface with a co-simulation model.

The BCVTB has been used in several applications such as agent-based sim-
ulation, real-time simulation, control of networked sensors and actuators, and
performance prediction of HVAC systems. The BCVTB is released under
an open-source BSD license and available at http://simulationresearch.lbl.gov/
bcvtb. For more information, see [Wetlla].


http://ptolemy.eecs.berkeley.edu/
http://simulationresearch.lbl.gov/bcvtb
http://simulationresearch.lbl.gov/bcvtb
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Fig. 6.7: The BCVTB is used to couple a controller implemented in Ptolemy Il with a
room model implemented in Dymola and exported as an FMU.

6.5.2 EnergyPlus

EnergyPlus (https://energyplus.net/) is a whole building energy simulation pro-
gram that engineers, architects, and researchers use to model both energy
consumption and water use in buildings. To extend the capability of Energy-
Plus for building simulation, EnergyPlus has been linked through co-simulation
to various programs using direct coupling of tools through custom interfaces
and through master algorithms in which EnergyPlus acts as a client.

To address the limitation of these custom coupling mechanisms, an FMI for
co-simulation 1.0 import interface has been added to EnergyPlus to support
the import of FMUs. Also, a facility has been developed to export EnergyPlus
as an FMU for co-simulation 1.0. This interface allows users to link the build-
ing envelope of EnergyPlus with an HVAC system modeled in Modelica, or in
another simulation tool and language. EnergyPlus is released under an open-
source BSD license, and available at https://github.com/NREL/EnergyPlus.
For more information, see http://simulationresearch.Ibl.gov/fmu/EnergyPlus/
export and [NWZ14].


https://energyplus.net/
https://github.com/NREL/EnergyPlus
http://simulationresearch.lbl.gov/fmu/EnergyPlus/export
http://simulationresearch.lbl.gov/fmu/EnergyPlus/export
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6.5.3 DACCOSIM

DACCOSIM lets you design and execute a simulation composed of multiple
FMUs on multi-core computation nodes or distributed on clusters.

node #1 node #2

4"' ===upe=p (Global Master

<--» control data
simulation data

Fig. 6.8: Co-simulation architecture components in DACCOSIM.

A framework is provided to graphically de ne how the FMUs are connected
to each others and on which computation nodes they should be distributed.
DACCOSIM automatically generates the associated code and the DACCOSIM
library is then used to execute the multi-simulation on the distributed compu-
tation nodes. It could be either Java or C++ code.

The main functionalities provided by DACCOSIM are

1. co-initialization with the Newton-Raphson method,

2. inputs extrapolation,

3. support for both constant and variable step size with rollback,

4. various error estimation methods that automatically adjust the step size
(Euler, Richardson and Adams-Bashforth),

It runs on Windows and Linux, 32-bits and 64-bits and uses FMI-CS. It is
developed by the Supelec IDMaD research team and the EDF R&D MIRE
department in the RISEGrid Institute (http://www.supelec.fr/342_p 38091/
risegrid-en.html).

DACCOSIM is released under the AGPL open-source license and available at
http://daccosim.foundry.supelec.fr/.


http://www.supelec.fr/342_p_38091/risegrid-en.html
http://www.supelec.fr/342_p_38091/risegrid-en.html
http://daccosim.foundry.supelec.fr/
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6.5.4 Ptolemy Il and Quantized State Systems (QSS)

Ptolemy Il provides a master algorithm for FMUs for model-exchange and co-
simulation, which implements the FMI 2.0 speci cation.

The master algorithm is implemented in the discrete event domain of Ptolemy
II. Additionally, a family of Quantized State System (QSS) integrators is pro-
vided to integrate state variables of FMUs for model exchange 2.0. Details
about the master algorithm and the QSS integrator can be found in [WNL+15].
The algorithm is release as part of Ptolemy I, and also in the cyber-physical
system simulator CyPhySim [LNNW15][BLL+15], which is a subset of Ptolemy
Il. Both are available under a BSD-license from http://ptolemy.eecs.berkeley.
edu/ptolemyll/ and https://chess.eecs.berkeley.edu/cyphysim/.

The CyPhySim simulator supports classical (Runge-Kutta) and quantized-
state simulation of ordinary differential equations, modal models (hybrid sys-
tems), discrete-event models, the Functional Mockup Interface (FMI) for
model-exchange and co-simulation, discrete-time systems, and algebraic loop
solvers. CyPhySim provides a graphical editor, an XML le syntax for models,
and an open API for programmatic construction of models. It includes an inno-
vation called smooth tokens, which allow for a blend of numerical and symbolic
computation, and for certain kinds of system models, dramatically reducing the
computation required for simulation. For example, Fig. 6.9 shows a model of
a bouncing ball implemented in the CyPhySim simulator. For this problem,
a Runge-Kutta 2-3 solver required 14,072 time steps and 3.3 seconds, while
QSS required only 46 points in time and completed in 0.085 seconds, or 38
times faster. Furthermore, the QSS solvers have the interesting property that
if certain assumptions about the integrator inputs are satis ed, then rollback
is never required. If these assumptions are valid, then there is no error due to
numerical approximation of the integration, and events such as zero crossings
are predictable in advance. For certain cyber-physical systems, such assump-
tions are indeed valid, and hence computationally exact simulation is possible,
where the only source of errors is numerical round-off errors. There is no error
due to numerical integration. See [LNNW15] for more details.


http://ptolemy.eecs.berkeley.edu/ptolemyII/
http://ptolemy.eecs.berkeley.edu/ptolemyII/
https://chess.eecs.berkeley.edu/cyphysim/
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Fig. 6.9: CyPhySim model of a bouncing ball with QSS integration.

6.5.5 FUMOLA - The Functional Mock-Up Laboratory

FUMOLA is a co-simulation framework speci cally designed to support the
features offered by the FMI speci cation. FUMOLA is developed on top of the
Ptolemy Il framework (http://ptolemy.eecs.berkeley.edu/) and the FMI++ library
(http://fmipp.sourceforge.net/), mapping Ptolemy Il's functions to the function-
ality provided by the FMI++ library. Therefore, it provides a exible platform to
investigate the full range of possibilities offered by the FMI speci cation based
on advanced simulation concepts. This allows for implementation of various
simulation approaches, including discrete event-based simulations [MW15],
simulations of coupled physical systems [WMB+15] and simulations of closed-
loop control systems models [WJEP15].

FUMOLA is available at http://fumola.sourceforge.net.


http://ptolemy.eecs.berkeley.edu/
http://fmipp.sourceforge.net/
http://fumola.sourceforge.net
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6.5.6 WRM (Waveform Relaxation Method) as a Proposition
of a Simple Master Algorithm

The Waveform Relaxation Method [Lel82][LRSV82] has existed since 1982
and was developed and used to solve large systems of ordinary nonlinear
differential equations [IC90], in particular for integrated circuit simulations. The
method was adapted to be able to be used as a master algorithm for coupling
different black box software components such as FMUs [RRDW15].

The idea is to combine several heterogeneous systems that may have different
dynamics, and couple them using an iterative method on the waveforms (Fig.
6.10). Each system is solved in time throughout the considered time domain,
and its solution, e.g., the entire waveform, is used as an input of the other
systems. The procedure can be done for the whole time domain, or for a
sequence of sub-domains. This approach is like a strong coupling, and instead
of exchanging simple values at a given time, it exchanges the waveform.

) €

Fig. 6.10: Waveform relaxation algorithm for co-simulation.

WRM has many advantages. The master algorithm is simple and easy to
implement. It can be used to couple different components without having to
know the internal dynamics and simulation step sizes. In situations where time
exchange data between components is important, such as for a web service,
the WRM reduces the computation time by reducing the number of calls of the
different sub-models. As the simulation time gets longer, the ef ciency of the
waveform relaxation method increases [RRDW15].

Limitations and disadvantages include less ef cient simulations for models that
have events. See the application in [RRDW15].
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6.5.7 Domus

Domus is a building simulation software written in C++. It has an OpenGL-
based graphical interface that has been improved to allow importing models
from EnergyPlus 8.0 or higher as a FMU for co-simulation 1.0. Domus has
also been improved for

1. shading and sunlit area calculation using a pixel counting technique,
2. reading and writing of EnergyPlus IDF les, and
3. co-simulation with ANSYS-CFD.

This last capability can allow for instance the co-simulation for performance
assessment of whole-buildings with 3-D ventilated walls combined with indoor
and outdoor air ow under heterogeneous surface boundary conditions. Do-
mus is available from http://www.domus.pucpr.br/. See [MOGO03][MBZF08] for
more information.

6.5.8 MasterSim

MasterSim is an open-source co-simulation master implementation that sup-
ports FMI 1.0 and 2.0.

The simulation master was developed speci cally for application in building
energy simulation, i.e, interfacing of building simulation models with HVAC
system models and control systems, or specialized sub-system models. The
master employs several algorithms for obtaining stable, ef cient and error con-
trolled solutions. It contains

+ different master algorithms/iteration methods, such as non-iterative
Gauss-Jacobi, and iterative Gauss-Seidel and Newton methods,

« variable communication step sizes with local error control,

« serialization/deserialization for stop-and-restart of the master.

MasterSim is developed in C++ and runs on Windows, Mac OS X and Linux.
Also, the master supports a feature that disables automatic unzipping of FMU
archives, which allows for using persistent DLL/shared library les, which is
important for FMU developers.


http://www.domus.pucpr.br/
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MasterSim is available from http://mastersim.sourceforge.net under a GPL
v3.0 license.

6.6 Desired FMI Features and Proposal of Evolu-
tions of the Standard

While the FMI standard is well-suited for our classes of problems, as with any
other standard that covers such a complex use case, there are certain limita-
tions encountered and improvements that the Annex 60 participants would like
to see in future versions of FMI. As a result of Annex 60, some changes have
been proposed to the standards committee. For this cases, we list below the
ticket number of the FMI development site. This section provides an overview
of the key challenges encountered while using FMI version 1.0 and 2.0, with
actions undertaken to address some of the limitations.

Change of array size during initialization: The size of arrays used for inputs,
outputs and state variables is xed once the FMU is generated. It would be
desirable to allow de ning array variables as quantities where the array size
is being controlled by a parameter given during the instantiation of an FMU.
This would allow pre-compiling FMUs in which array sizes vary for different
applications, such as for CFD, ray-tracing, or heat conduction through solids
and through windows.

For this item, the FMI committee has a working group.

FMU time unit: The FMI standard does not specify the unit of the time passed
to the FMUs. This can result in synchronization problems if slaves assume a
different unit for time. Thus it would be desirable to extend the standard to
specify the unit of the time passed to the FMU slaves, or conversely, state in
the speci cation that time is in seconds, which seems to be the implicit as-
sumption and corresponds to what most, if not all, tools implement. Currently,
FMU exporters have to agree on a time unit and specify this in the interface
description.

A ticket has been led on the FMI issue tracker (ticket #307).

Handling of FMU-speci ¢ output and log les: While FMI 2.0 provides a
path to a read-only resource location, such as for data les to be read by


http://mastersim.sourceforge.net
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the model, it does not provide a path to a writable location where output and
log les shall be written. Knowledge of such a writable location is important,
for example, when the same FMU is instantiated several times within a co-
simulation scenario. Then, each FMU instance needs to use a different root
directory for its written les in order to avoid overwriting each other's les. The

same applies when multiple co-simulation runs are executed in parallel using
the same FMU les. Hard-coding writable paths inside the FMU does not work
in this situation. Use of the current working directory as basis does not work
on the Windows platform, since several Windows API function related to le
and directory handling change the working directory. The outcome depends
on the order in which the FMUs are instantiated and initialized, and on their
internal operation. Therefore, it would be meaningful to pass such a directory,
if available on the given platform, during instantiation of the FMU. Without a
formal method, FMUs must agree on a speci ¢ nhame of the output directory,
and the master algorithm must set this before entering the initialization mode
of an FMU.

A ticket has been led on the FMI issue tracker (ticket #299).

Support for structured variables: FMI 2.0 only de nes scalar variables in
the ModelVariables  subsection of fmiModelDescription at the root-
level of the schema le modelDescription.xml. Various domains (e.g. uid,
heat transfer, electrical, magnetic, mechanics) would benet from support-
ing structured variables of xed size, especially one-dimensional arrays, in-
stead of only scalar variables. This would also require new fmi2GetXXX and
fmi2SetXXX functions.

For this item, the FMI committee has a working group.

Event handling in co-simulation: In FMI for co-simulation 2.0, an FMU can-
not announce to the master algorithm an upper bound for the step it can sim-
ulate. Rather, an FMU will have to reject a step size requested by the master
if it is too long. [BGL+15] suggests a new function fmiGetMaxStepSize

that would allow an FMU to announce how long a step it can take. A similar
suggestion is also made by [TCT+16], who propose to add the next event time
to a new function fmi21DoStep . Announcing the maximum step size would
be useful, for example, if a model knows its next time event and hence can
ask the master to step no further than that time point. With the current imple-
mentation, a master algorithm may step over this time instant, then get noti ed



122 Activity 1.2: Co-simulation and Model Exchange Using the FMI Standard

by the FMU that it went too far, and then ask the FMUs to rollback and do a
smaller step.

This item is in discussion within the FMI committee.

Ef cient mechanism for output writing in FMI for model exchange: Cur-
rently it is unclear how to handle FMU-speci ¢ outputs ef ciently in FMI 2.0

for model exchange. For example, in a building simulation FMU, at certain
time points, usually hourly or every 15 minutes, a lot of output data needs to
be stored in output les. Passing that amount of output data through the FMI
interface seems not practical.

The integrator within the master algorithm may use a higher-order integration
method with variable time steps, such as CVODE. Therefore, integration steps
and output steps in the FMU generally do not match.

Currently the only means for the ModelExchange FMU to identify a suitable
time point for writing past outputs is the fmi2CompletedintegratorStep

function. The FMU may than write outputs within the last step at the scheduled
time point. However, the FMU does not have information about the higher-
order integration method of the integrator. Therefore, backward interpolation
will likely give different results compared to those computed by the integrator.

A ticket has been led on the FMI issue tracker (ticket #326).

Master shall be required to set xed parameters even if unchanged Cur-
rently, when specifying xed parameters in the modelDescription.xml

le, the standard does not require that the master calls fmi2SetXXX func-
tions for such parameters. Most master implementations currently set the pa-
rameters, even if the values have not been changed by the user.

In order to ensure consistency between the default parameter values set dur-
ing the export of the FMU and the values in the modelDescription.xml

le, it would be useful to require the master to always set the values during the
initialization of the FMU.

A ticket has been led on the FMI issue tracker (ticket #366).
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6.7 Best-Practice Recommendations

This section summarizes best practices proposed by Annex 60 participants for
building or district-level simulations using the FMI standard.

6.7.1 Climate Data Export

While simulating coupled FMUs, redundant calculations of the same physical
part should be avoided because of the risk of inconsistency. Typically, this
problem occurs when climate data calculation are performed by different FMUs
simultaneously. An example is a system with two FMUs, one for a building
model, and one for an HVAC system, which both require outdoor conditions.

As climate data only depend on time, using a common FMU for climate data
will not create cyclic dependencies among FMUs.

Since there are different possibilities for de ning climate parameters (units,
naming conventions, sun coordinate system, etc.) standardizing an interface
for climate data would be bene cial.

6.7.2 FMI Interfaces for Room and HVAC Systems

Different variables could be exposed at the interface of rooms and HVAC sys-
tems. In order to make different FMUs compatible, an FMI package has been
added to the Annex60 library which allows for exporting HYAC models, HVAC
systems, and thermal zones as FMUs. This package contains connectors that
can be exposed to retrieve and to output HVAC system variables. The pack-
age also contains FMI adaptors, which have been added to facilitate the ex-
port of HVAC systems. See http://www.iea-annex60.org/releases/modelica/l.
0.0/help/Annex60_Fluid_FMI.html for documentation. The rationale for the se-
lection of variables that are used as inputs and outputs of the HVAC FMU are
discussed in [WFN15]. Fig. 6.11 shows a model of a heater with the FMI inter-
faces. The instances bou* convert between causal input and output signals
and the acausal uid ports.


http://www.iea-annex60.org/releases/modelica/1.0.0/help/Annex60_Fluid_FMI.html
http://www.iea-annex60.org/releases/modelica/1.0.0/help/Annex60_Fluid_FMI.html
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Fig. 6.11: Modelica block that can be used to export a heater that has acausal uid
ports as an FMU.
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6.8 Conclusions

This chapter demonstrates that having a standard for exchanging models be-
tween different simulators and for linking simulators during run-time is an im-
portant topic for building and district energy system simulation. As building
and district energy simulation typically involve large models and long simula-
tion periods, having ef cient master algorithms is important. The participants
of Activity 1.2 demonstrated that FMI is useful for various applications. They
also demonstrated the capability of tools to export, import, and co-simulate
models encapsulated as FMUs. They showed that the FMI approach is suited
for solving the multi-physics, multi-component systems encountered in the sim-
ulation of buildings, and they contributed to proposals for further improving the
FMI standard. Simulation coupling with open-source standards is potentially a
key for tackling the scalability issues that will be encountered for district-level
simulations. This is one of the big challenges that building and district energy
simulations will encounter in the years to come.
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Chapter 7

Activity 1.3: BPS Code
Generation from Building
Information Models

7.1 Introduction

Activity 1.3 of the Annex 60 is dedicated to the complex issue of transforming a
digital model of a building and its energy systems into Modelica code that can
be readily used for advanced building performance simulation (BPS). It is the
conceptual idea and vision of this activity to thoroughly address the prevail-
ing tedious, cumbersome and error-prone process of manual data conversion
and model generation and to provide a methodology for automatically, or at
least semi-automatically, transforming a digital model into an object-oriented
acausal model.

The transformation is hampered by several constrains such as

» models contain inconsistencies and modeling errors and are typically
not built by a person skilled in energy performance simulation,

» models originate in the design process from other domains such as the
architecture or structural domain,
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* objects and parameters in a CAD model signi cantly differ from the rep-
resentation needed in Modelica,

« input models are lacking information relevant for BPS,

 a conversion process needs to support multiple Modelica libraries with
different model topologies and varying syntax at the same time,

« the object-oriented data schema of the digital building model is contin-
uously updated and subject to changes which need to be dynamically
re ected by the tool.

Consequently, several complex requirements form the speci cation of a soft-
ware framework that is capable to deal with these constraints. Furthermore, a
exible methodology is required to take expert knowledge into account when
it comes to object and parameter mapping. The software framework shall
provide interfaces to Open BIM data formats such as the Industry Founda-
tion Classes (IFC). And, as well, the framework must be modularly structured
in order to allow for further and distributed developments on an open source
basis by an international community. Its structure shall allow to maintain the
framework or even most parts of it in due time.

In order to carefully consider these settings, the activity followed the following
approach:

» As BIM data format, the Annex supports the Open BIM format Industry
Foundation Classes (IFC). Before processing BIM models, these models
are checked for integrity concerning two aspects. First, the geometric
consistency is accounted for by an advanced model checking process
which includes the de nition of space boundaries. Secondly, the HVAC
model is checked by another model checking toolbox developed in this
project.

* Models are then transformed into an intermediate data format called
SimXML. Therefore, a exible module for schema parsing was devel-
oped. Relevant data which are missing in the BIM can be added to the
SimXML data model.

* In order to manage these SImXML data, a dynamic schema parser was
developed in C++. This offers the exibility to dynamically account for
changes and updates of the SimXML schema (and, thus, for changes
of the IFC data model as well). An application programming interface
(API) between C++ and Python was implemented to ef ciently interact
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with the data model.

» An object and parameter mapping mechanism as well as respective
mapping rules were developed in order to formulate engineering knowl-
edge in a rule-based methodology. These rules are processed by the
framework.

* An IFC model view de nition (MVD) was developed in order to specify
the subset of IFC data relevant to BPS.

* In order to dynamically support multiple Modelica libraries at the same
time, a template-based approach was selected as solution and imple-
mented in Python.

 All transformation tools and methods are provided as open source
framework for further developments in the community. Researchers are
invited to collaborate and to further extend the framework.

The following sections brie y introduce what BIM is, explain the BIM data im-
port process and detail the developed open Annex 60 framework for Modelica
code generation from BIM. At the end of the chapter, the use cases applied for
testing and development are introduced as well. It shall be noted at this point,
that the activity followed a bottom-up approach which was based on these use
cases. Therefore, the framework is currently limited to support these cases.
As the activity focused on a subset of IFC data, on the other hand, with the
resources on hand it was possible to nalize the overall framework as such in
the Annex and to provide a modular framework for further development and
dissemination.

7.2 Building Information Modeling (BIM)

This subchapter starts by introducing the term BIM and by explaining the
changes required when BIM is used in a project. For the evaluation of the de-
veloped model transformation and BPS code generation concept and toolchain
the use cases and case study are described next. The authors detail current
state-of-the-art toolboxes and tools that are relevant for our prototype develop-
ment. Finally, in this subchapter we summary relevant standards and agree-
ments that are needed for development of BIM based data exchange.
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7.2.1 What is BIM?

The acronym BIM stands for Building Information Model or Modeling. It in-
volves buildings and building designs, information about given buildings and/or
designs, and to how that information is modeled. Searching the term BIM on
the web one will nd many industry de nitions such as: BIM and Sustainabil-

ity, Green BIM, 4D BIM, BIM and the Bottom Line, BIM for Risk Management,
BIM BOP, BIM CON!FAB, BIM Symposia, BIM Consulting, BIM Surveys, and
many more. It seems that anybody who is asked to de ne BIM has their own
de nition which re ects their own needs, expectations and uses of BIM.

According to Bazjanac [Baz04], the BIM acronym can have two meanings:
noun or verb. The science de nition of BIM-the-noun is straight forward:

A Building Information Model (BIM) is an instance of a populated
data model of buildings that contains multi-disciplinary data spe-
ci c to a particular building which they describe unambiguously.

The science de nition of BIM-the-verb is even simpler:

Building Information Modeling (BIM) is the act or process of creat-
ing a Building Information Model (BIM-the-noun).

Charles Eastman and colleagues offer a more elaborate and practical working
de nition of BIM for the buildings industry [ETSL11]:

BIM is a modeling technology and associated set of processes to
produce, communicate, and analyze building models character-
ized by

 Building components that are represented with intelligent digital repre-
sentations and can be associated with computable attributes and para-
metric rules.

» Components that include data that describe how they behave.

» Consistent and non-redundant data.

» Coordinated data such that all views of the model are represented in a
coordinated way.

Similarly, de nitions of BIM by buildingSMART International [bSI15a], the U.S.
National Institute for Building Sciences [NIB16] and the U.S. National BIM
Standard Project [NIB13] are in full concordance with this de nition.
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Eastman and colleagues also de ne what causes a data agglomeration not to
be a BIM, disqualifying building “models” which some industry members call
BIM:

 Building models that contain 3D data only and no object attributes.

* Building models with no support of behavior (i.e. models that do not
utilize parametric intelligence).

 Building models that are composed of multiple 2D CAD reference les
that must be combined to de ne the building.

 Building models that allow changes in one view that are not automatically
re ected in other views.

Accordingly, a Building Information Collection (BIC) is also not a BIM. A BIC
is characterized by an ad-hoc database to which information is supplied as a
participant recognizes the need for it, with no systematically rules for database
creation. As a result, the database is used indiscriminately from one building
to another, and when viewing a datum in the database one cannot be con dent
what the datum actually represents without examining why and how the datum
has been entered in the database.

In order to create a proper BIM, three conditions must be satis ed: (1) valid
building data must be available and veri able; (2) a speci c data model of

buildings must be used in the instantiation of data; and (3) software capable of
properly populating the data model must be available and used in all instances
of entering data in the data model. BIM data used in this research project are
valid and veri able for the purposes of the project. The most common data
model format used with BIM is Industry Foundation Classes (IFC). The latest
IFC version 4 Addendum 2 (IFC4 Add 2) [bSI15b] release is the data model
used as basis for the BIM applications to share information across multiples
software. All software used to populate the BIM is directly or indirectly IFC
compatible.

IFC is fully object-oriented and is fully extensible. It is absolutely “neutral” (i.e.
does not favor any software environment, platform, market, endeavor or suite
of tools). IFC is also the only life cycle model of buildings that is an “open”
International Standard Organization (ISO) Standard (no. 16739), and can be
used free of charge.

The main purpose of the IFC data model is the enabling and support of soft-
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ware interoperability in the buildings industry. Software interoperability — es-
sential to collaborative design — is the common name of technologies that allow
software to communicate to one another and seamlessly share and exchange
data. Some advantages of interoperability are detailed below:

» Allows automatic and awless exchange of relevant common project
data between one software application and another.

» Supports automatic data conversion between software that use partially
overlapping data.

 Offers consistency management of the various ways that are used to
model a building.

e Provides the tracking and management of information consistent with
best practices required for security, provenance, etc. in support of con-
tractual and legal frameworks.

Interoperable applications enable the work of multiple disciplines with varied
expertise, and automatically translate data to support the different data struc-
turing and viewing needs for different decision-making industry domains.

Any complete BIM of a sizeable commercial building will contain much more
data than any single software application can read and manipulate. The main
reason for that is not necessarily the size of the building — it is the multi-
disciplinary nature of the data in a complete BIM. In most cases only discipline
software can populate the BIM with all relevant discipline data, and only disci-
pline software can read such data. To avoid having to deal with data in the BIM
that are irrelevant to the discipline, relevant data are grouped and agglomer-
ated in a “view” of the particular BIM [Hie06] and such views are de ned as
Model View De nitions (MVD).

Data included in Model View De nitions (MVD) are subsets of the IFC data
model. The subsets specify all discipline (or project type) de nitions in the
IFC data model that need to be shared or exchanged among multiple software
applications in support of work of a given discipline, project type or any other
given purpose. bSI certi es software applications' compliance with a given
MVD if the application can demonstrate that all data exchange requirements
of the given MVD (object/attribute/relationship sets, as well as their form and
format) have been implemented by the application.

The BIM Collaboration Format (BCF) is an open XML le format that supports
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work ow communication and messaging among different software applica-
tions engaged in BIM processes [bSI14]. It boosts collaboration in BIM work-
ows by exchanging only the lean machine-readable BCF-topics with attached
BIM-snippets (and not the entire BIM) among participating applications. The
RESTful API enables seamless automated exchanges of BCF-topics among
software that has implemented this Application Protocol Interface [bSI15c].

7.2.2 Changes Within the Planning/Design Process

The adoption of BIM (as a verb) constitutes a paradigm shift in the Archi-
tectural, Engineering, Construction and Facilities Management (AEC/FM) in-
dustry. BIM based collaboration is a different way of working as opposed to
complementing the traditional 3D CAD approach. The key difference is the
opportunity for collaboration over the entire building life-cycle: from concep-
tion to design, construction and operation and up to the nal demolition. The
deployment of BIM in construction can make the industry more ef cient, ef-
fective, exible and innovative [THN13]. However, the use and adoption of a
new technology begins with a series of decisions that ends in appropriate and
effective use of such technologies.

In some countries such as USA, UK, Norway, Finland, Denmark, Singapore
and South Korea the use of BIM in projects is obligatory. Despite the industry's
awareness of the potential of BIM, construction organizations are yet to use it
effectively. Fig. 7.1 shows that BIM is leading a change in resource allocation
and associated costs from the later to the earlier stages of the project. By
comparing the traditional 3D CAD approach with BIM, BIM is considered more
ef cient and less-time consuming, therefore less costly.

The use of BIM concentrates stakeholder collaboration throughout the entire
building life-cycle. In doing so it provides a central repository of information
that can be accessed by any stakeholder, when needed, in order to make
the best and most effective use of available information. The major bene ts
from this approach are design consistency and visualization, cost estimates,
clash detection and implementation of lean construction [VSS14]. This digital
transformation cannot happen unless there are appropriately skilled personnel
to support BIM implementation.
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Fig. 7.1: Comparison between BIM-based work ow and traditional work ow (Adapted
from [EHLP13]).

7.2.2.1 Roles and Responsibilities in the BIM-Based Process

It is expected that the demand for BIM will required new organizational struc-
ture and changes of responsibilities within de ned roles. [GT14] on their study
reviewed over 300 jobs description to determine responsibilities and skills re-
quired in BIM related roles. They identi ed three core roles: BIM Manager, BIM
Coordinator and BIM Modeler. Others researches also mentioned different ter-
minologies for these roles but with the same responsibilities of management,
coordination and modeling [BS10][PH13][SML13].

A BIM Manager is a person familiar with the building and design process from
start to nish. This role does not require a domain identi er as this is an over-

arching role within the organization covering all aspects such as collaborative
information management, standards management and process planning. This
person can work directly with BIM Coordinators and BIM Modelers and with
management designing processes. The BIM Coordinator is the person re-
sponsible for facilitating the transition into BIM based work practices and sub-
sequently enhance the performance of BIM based activities. This person's key
role is to help with the model and other BIM related issues. Lastly the BIM
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Modeler requires a domain identi er and skillset in their respective. This per-
son focuses on a speci ¢ performance aspect of the project. Therefore, the
success of a project depends on meaningful integration of the roles involved,
through an ef cient and sustainable use of BIM.

7.2.2.2 Agreements in the BIM Process

Different national and international BIM guidelines and standards are avail-
able today to help organizations to implement BIM in their processes
[EHLP13][AECUKC15][BIMGW12]. The benets of using BIM depends on
the manner in which information will be created, maintained and shared within
project stakeholders. People involved in the BIM project are expected to have
the ability to produce, manage and share any information required in a stan-
dard format. According to Egger [EHLP13], the success of a project in the
building industry depends on four factors: people, processes, guidelines and
technology (Fig. 7.2). With the exception of technologies that are well estab-
lished in the construction industry, the remaining three factors present prob-
lems that need to be overcome, especially the lack of professional training and
guidelines.

- Processes
/ \ / »
/ \
| Method |
\ /
1 / \ /
- Guidelines
~ v

Fig. 7.2: Main factors of in uence on the use of BIM method [EHLP13].

Within BIM projects all information is coordinated in a common data envi-
ronment and it is very important that all objectives and deliverables are de-
ned within this environment at the beginning of the project. In this manner,
BIM servers provide a multi-disciplinary collaboration platform that maintains
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a repository of the building data, and allows applications to import and export
les from the database for viewing, checking, updating and modifying the data.
The information contained in the common environment will form the basis of
the BIM Execution Plan. The execution plan is a crucial document that re ects
the employer information requirements to ensure that design is developed in
accordance with their needs. As a consequence of this new process, a higher
quality and consistency is provided and administered in BIM projects.

7.2.3 Relevant BIM Standards and Implementation Agree-
ments

In context of building energy performance of buildings two types of standards
exist: data exchange standards and energy code standards. The data ex-
change formats most relevant are gbXML, IFC and SimModel, which we de-
scribe in the next subsection below. Energy code standards have a local char-
acter and can generally be further divided into standards that are based on
static calculations and standards that are more detailed and based on sim-
ulation. For example, the German energy code (EnEV) is a static calcula-
tion whereas the US energy code (ASHRAE 90.1) is using simulation models.
For further details on those energy standards we refer to van Treeck et al
(IvTWM15]). Since this project is focusing on Modelica simulation, which is a
more detailed approach, energy standards could become a byproduct in the
future with additional development.

7.2.3.1 Data Exchange Formats

In the traditional approach, the majority of information is exchanged via 2D
drawings that consist of lines, but with the introduction of BIM-based exchange
there is a possibility to link or embed data into BIM objects. Several data
exchange formats are available today for BIM applications to share information
among each other. The most common are:

» Green Building XML schema (gbXML) facilitates the exchange of data
among CAD tools and energy analysis software;

e IFC is the most used data format in the AEC/FM industry, mainly be-
cause of its ability to represent elements of a building as objects with
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properties and references to others objects [ARHZ15]. The latest re-
lease IFC4 contains many improvements in the HVAC domain and some
enhancements for space boundaries.

» SimModel is a simulation domain speci ¢ data model. It combines con-
tent from both IFC and gbXML as well as other relevant data models.
As a simulation domain speci ¢ data model it also contains data that are
relevant to simulation only.

With IFC4, energy-related data of a building and its systems can be ex-
changed. This includes space boundary information for representing thermal
zones. Compared to previous versions it also contains new and more detailed
HVAC components. A data format for the exchange of vendor-speci ¢ product
data is the ISO Standard 16757. The standard provides a data format for the
description of manufacturer product data and can be seen as a supplement to
the IFC data model.

All three data models can be also represented in XML format (IFC is mostly
de ned in the STEP format, whereas SimModel has also a binary represen-
tation) and are object oriented data models. Thus, they include classes, at-
tributes and references. The IFC data model contains many relational objects
that link two different objects together. For example, the IfcRelAggregates ob-
ject can link the IfcSite and IfcBuilding object. Since some of these relational
objects are very generic, there exists a large number of possibilities to link ob-
jects. SimModel simpli es this by combining these relational objects into the
main objects. For the example above, the SimSite object contains a property
that directly links to the SimBuilding object. While SimModel is still very close
in its structure and hierarchy to the IFC model, this adds another level of detalil
for the de nition of objects. In IFC classes can be further speci ed by using

an ObjectType, SimModel uses the additional ObjectSubType to further spec-
ify objects. gbXML does not provide the necessary level of detail of HVAC
components and was thus not further considered in this project.

While IFC is seen as the right data format to retrieve building data from the
architect and other domain experts it does not cover special requirements for
simulation purposes. For that reason, the simulation domain speci c data
model SimModel (see Section 7.3.6) is used as an intermediate step towards
the Modelica simulation. Due to the mentioned exibility to de ne and link

objects in an IFC model as well as it large scope, the mechanism to limit scope
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is needed and discussed in the next subsection.

7.2.3.2 Implementation Agreements

BIM standards like IFC need further implementation agreements to limit the
theoretically possible representation options within the data model to a practi-
cal subset. BuildingSMART has introduced the concept of Model View De ni-
tions (MVD) that identi es a subset of IFC that is needed to support a selected
set (partial model) of use cases. The de nition of an MVD is described in Sec-
tion 7.3.5. Other domains, such as the structural domain are not relevant in
the simulation context and can be excluded from the scope via an MVD. Geo-
metric representations with corresponding material properties, internal loads,
thermal zones, HVAC systems and HVAC components are topics that would
be entailed in a simulation MVD. Besides the data itself, the MVD also de-
nes so-called concepts that show how objects should be connected to form
an interconnected data model. For example, a concept to de ne topology con-
nections or a concept to place HYAC components in a system. As shown in
Section 7.3 MVDs can be formalized using the mvdXML format so that auto-
matic checking for required objects and properties is possible. This checking
will be introduced with the software certi cation for IFC4 to enable more and
better quality checks of IFC implementations. If a software passes all test
cases de ned for an MVD, then it will be certi ed by buildingSMART to meet

de ned quality criteria. The MVD concept and corresponding tools have been
further developed for this latest IFC4 version and now cover a wider range of
features. In previous versions, so-called implementer agreements were es-
sential to de ne concepts in a more loose manner, but to properly document
them for software implementers. For example, detailed space boundary de ni-
tions were speci ed in special add-on of implementers agreements in IFC2x3.
Since the IFC4 version is quite new as well as the improved MVD, time will
tell if implementers agreements will still be an important aspect in addition to
MVDs or if they will be mostly replaced by MVDs.
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7.2.4 Review of Existing BIM Tools for Visualization and
Model Checking

For the development of software prototypes based on the IFC data model, it
was important to reuse existing tools, resources and technologies to optimize
the project output. Due to the large number of existing IFC tools a proper re-
view was needed and conducted within this project. We illustrate this review
in context of the development of the model checking and conversion compo-
nents. Here, two major feature areas were of particular interest:

 Free and open source IFC-based viewing components
* BIM Model Checking Tools including their analysis features

The following tools have been selected and analyzed:
Open source IFC-based viewing components

» xBIM Explorer (sample application from xBIM Toolkit), V 2.4.1.28
* IfcPlusPlus Viewer (sample application from IFC++ Toolkit)

Free IFC-based viewing components

 Constructivity Viewer, V 0.9.7.0

» DDS-CAD-OpenBIM-Viewer, V 8.0.2012.101

« FZKViewer 4.1,V 4.1

» IFC JAVA VIEWER (Part of IFC-Tools Project) V 2.0,
 IFC Engine DLL: Sample Viewer, V 1.0.0.1

* Solibri Model Viewer, V 8.1.0.80

 Tekla BIMsight, V 1.8.5002.18178 ,

Free BIM-Model checking tools

» DDS-CAD-OpenBIM-Viewer, V 8.0.2012.101
» FZKViewer 4.1,V 4.1
 Tekla BIMsight, V 1.8.5002.18178

We evaluated the available tools and components in terms of their capabilities
to represent, model and appropriately describe speci ¢ aspects as described
below with respect to:

* support of IFC2x3
 support of IFC4
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 support of the STEP IFC base syntax

« support of the XML IFC base syntax

« reliability and performance of IFC import
« platform independence

* capability to validate IFC les

* visualization features

« selection of attributes

« clash detection

Since the ifcXML syntax was essential to a subset of our tools, it was an impor-
tant criterion for our review. In addition, the reliability and performance of the
IFC import is obviously an important criterion. But the evaluation of the IFC
4 import was dif cult due to the early stage of the related tool development
efforts. Thus our review of this functionality is limited. Since a basic validation
of IFC les is essential before any conversion process is meaningful, we also
investigated if tools can validate the IFC le against the schema. If it supports
rule-based validation where the rules can be prede ned within the tool, poten-
tial users can apply those to their IFC les. In addition, some tools support the
recalculation of surface areas and volumes to verify those properties with the
IFC le content. The tools were also assessed on their visualization features.
We investigated view and render options as well as support for transparency.
Object selection and ltering based on attributes is also a common feature
among those tools and was added as criterion.

The free model checking tools such as FZKViewer and Solibri Viewer do sup-
port basic checking features such as clash detection or quantity takeoff. How-
ever, we could not identify a free model checking tool for the required HVAC
consistency check of the IFC model (Section 7.4.3.3). This is why we reused
our previously developed components for this model checking implementa-
tion. In context of the ifcXML support only the RDF Viewer based on the
IFCEngine.DLL and the FZKViewer do currently support import and export of
the ifcXML le. Only the former is also available as open source.

Based on these criteria, two toolkits can be identi ed as the most promising
ones to serve basic functionalities: the open source XBIM tool kit (Fig. 7.3)
and the IFC Engine DLL toolkit (Fig. 7.4).

For the development of the Annex 60 model checking tool (ref Section 7.4.3)
the second tool was selected due to its simpler enhancement possibilities.
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xBIM Explorer (sample application from xBIM Toolkit)

Author:

Licenses:

Platform:

IFC formats:

Description:

Key features:

IFC tests:

Prof. Steve Lockley
Northumbria University, United Kingdom

‘,{

open source: CDDL and OC:
LGPL-like with certain differences
GPPG: New BSD

'l
-
.
o
i
»
%
]
»
”

Windows

“.ifc STEP” and “.ifc XML” format up to Version IFC 2.3

text from website: “The eXtensible Building Information Modelling xBIM Tookit (eXtensible Building Information
Modelling) is an open-source, software development BIM tool that supports the BuildingSmart Data Model (aka the
Industry Foundation Classes IFC). xBIM allows developers to read, create and view Building Information (BIM)
Models in the IFC format. There is full support for geometric, topological operations and visualization. In other words,
xBIM can be used to create bespoke BIM middleware for IFC-based applications.”

extensible and open source IFC 2.3 visualization toolkit written in c# and c++ with Visual Studio 2010.
Based on GPPG-Tools, Open Cascade and the Helix 3D Toolkit.

A sample viewing application and a web based JSWebViewer is available.

Reads and saves own xBim file format.

Sample viewing app provides a ‘Model Query’ functionality.

Nice translucent visualization option.

Problems reading “.ifc XML" format, relative slow import.

Fig. 7.3: Brief technical description of the XBIM tool
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IFC Engine DLL: Sample Viewer

Author:

Licenses:

Platform:

IFC formats:

Description:

Key features:

IFC tests:

Peter Bonsma, RDF Ltd.,
Sofia, Bulgaria

This IFC viewer is free to use and redistribute

both commercially and non-commercially.

It is built around the IFC Engine DLL. All source code is available.
If needed also the complete source code of the IFC Engine DLL
is available, this requires a company-wide license.

Windows
“.ifc STEP” and “.ifc XML” format up to Version IFC 4

text from website: ,The IFC Engine DLL is a STEP Toolbox with ability to generate 3D geometry for popular versions
of the IFC schema. The component is able to load, edit and create Step Physical Files (as well as the XML notation)
and their schema's via its own object database. This includes all currently available IFC versions. For IFC 2x3 files
and also for IFC 4 the geometry is generated.

IFC 2.3 and IFC 4 geometry toolkit written in C++ and Java without the use of additional tools. The RDF-Viewer is a
sample application using the IFC Engine DLL. It provides functions to edit ifc-properties, connect to a server and to
check for clashes.

fast import, but problems reading the .ifc XML test files.

Fig. 7.4: Brief technical description of the IFC Engine DLL Toolkit
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7.3 Importing BIM Data to BPS

This section describes the transformation from Building Information Modeling
to Building Performance Simulation in Modelica. Starting with a rst and initial
draft of the data transformation process adopted in this Annex, requirements
for BPS in different stages of the building design are described. We detail the
possibilities and requirements to generate Building Information Models with
a focus on BPS in this section. The section further illustrates how to extract
related information