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1

Introduction

1.1 Purpose of the document
This document presents the main results of the work conducted in task T4.1 “Component model
harmonisation” of work package WP4 “Consolidated Simulation Approach & Evaluation Criteria” of the
SmILES project.
One of the main goals of the SmILES project is to combine the modelling and simulation expertise of the
research partners. Of particular interest within this context is the exchange of simulation models between
partners, respectively the comparison of the implementations of (supposedly) similar models in different
toolchains. However, this is complicated by the fact that the underlying modelling paradigms, models of
computation and time resolutions are typically incompatible for toolchains with a different focus (e.g.,
system operation vs. network planning). Therefore, it is typically not sufficient to just share model
implementations (either as code or in binary form), because the receiving partner may not have the means
to execute or even interpret the provided information properly. Instead, a specification is required that is
independent from particular tool implementations. On the one hand, such a specification has to be
detailed and concise enough to enable experts to extract the information they need and generate their
individual models. On the other hand, it has to provide sufficient information to enable a comparison of
a new implementation with a reference, in order to guarantee consistency across toolchains.
Work conducted previously in the SmILES project has provided such specifications for system
configurations (deliverable D2.3), use cases (deliverable D3.1), control functions (deliverable D3.2) and
input data (deliverable D3.3). The work presented in this document follows the same principles as
previous work in SmILES, by providing a suitable format for defining and characterizing simulation models
independently of specific tool implementations (model documentation). This format forms the basis for
the compilation of component models included in this document. Furthermore, a qualitative approach for
comparing the implementations of component models with a reference (model consolidation) is
presented, which allows recipients of a model description to use the provided information in a meaningful
way. This provides the link to use the models documented in this deliverable for the simulation studies
conducted in work package WP5.

1.2 Terminology
Throughout the document it is assumed that the reader is familiar with the terminology used in the SmILES
project (as outlined for instance in deliverable D3.1). In addition, the following terms are used throughout
the document:
•

Simulation models are abstractions of the real world. They are used by computers to predict the
results of some phenomenon, basically substituting physical experimentation. In most cases,
simulation models are composed of component models, which represent specific parts of the
overall investigated system.

•

Simulation tools are computer programs that carry out the actual computations to perform a
simulation, using simulation models as input. The whole process of modelling and simulation
typically requires not only a (set of) simulation tool(s), but also auxiliary programs for data pre-
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processing, visualization and other tasks. Such a collection of programs is called a simulation
toolchain.
•

A model of computation is a collection of rules and instructions that governs the execution of the
component models within a simulation model and the communication between them. A model
of computation is an abstract concept, which is then implemented by a simulation tool. Examples
are continuous time-driven simulations (e.g., implemented by Dymola and MATLAB/Simulink) or
discrete event-based simulations (e.g., AnyLogic or MATLAB/SimEvents).

•

The construction of simulation models and component models is itself more an engineering
discipline than a science. As such, modellers can make different assumption and chose from a
large variety of different approaches to create a certain model. A modelling paradigm comprises
the sum of all these assumptions and choices, explaining the details of how a model abstracts a
part of the real world. Components models with contrasting underlying modelling paradigms can
typically not be used in the same simulation model. For instance, an electrical power line can be
abstracted as a conductor for electrical currents. Alternatively, it can be abstracted as a conduit
for power flows, ignoring the underlying details of electron transport. Both abstractions are valid
and have their value, but they focus on different aspects (and even require different models of
computation).

1.3 Scope of the document
This document first outlines an approach for documenting and consolidating component models and
outlines associated requirements for information sharing. Documentation implies defining and
characterizing component models. Adequate documentation should enable experts to implement models
in their respective toolchains. Consolidation entails the comparison of a model implementation with a
reference. This procedure should provide reasonable evidence that two implementations are equivalent
or at least consistent.
Second, an implementation of this approach is presented in the form of a description template for
component models. In order to characterize the expected dynamic behaviour of a model, this template
also provides space to share simple test cases and results. Based on these test cases, model
implementations can be compared and checked for equivalence or consistency, respectively.
Furthermore, this document contains a compilation of component models of storages and conversion
technologies, to be used for the cross-simulation studies in work package WP5.
However, the proposed approach does not provide a blueprint or benchmark for deciding whether two
model implementations are indeed equivalent or consistent. Given two model implementations, the
approach gives qualitative instructions on how to compare simulation results, but no quantitative
measure to decide if the results are consistent. Due to the very different types of modelling paradigms
and models of computation used by the partners of the SmILES project (and within the field of energyrelated simulations in general), this decision has to be made by the person implementing the model.
For the same reason, this document also does not give specific instructions on how to assess consistency
(through design of experiments, sensitivity analysis, etc.) or how to alleviate inconsistencies (e.g., model
fitting). Instead, suggestions and links to best practice approaches are provided where appropriate.
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Finally, the intention behind this document is not to force the use of the same types of models for different
toolchains or to identify the “best” model for a specific use case. Rather, it is assumed that the diversity
of challenges and obstacles encountered in energy-related research must be met with an equal diversity
of modelling paradigms.

1.4 Structure of the document
Section 2 introduces the methodology behind the proposed process of model characterisation. The
methodology relies on linking a formal (mathematical) model description with sufficient information for
characterising an actual implementation of the model. The section starts with a definition of the goals and
requirements (Section 2.1), gives an overview of related work (Section 2.2) and then presents the
proposed approach (Section 2.3) and the process of its implementation for the SmILES project (Section 0).
Finally, it discusses the context of this approach within the overall SmILES cross-simulation workflow
(Section 2.5).
Section 3 elaborates on the description templates for characterising simulation models. It provides
detailed background on the information requested in this template and serves as reference and guide for
users.
Section 4 gives a detailed example by showing the completed form for a simple model, providing
additional annotations and comments. Furthermore, it showcases how model validation, model
harmonisation and model upscaling can be done in practice.
The appendices provide the compilation of component model descriptions for the specific combinations
of use cases, system configurations and test cases defined by the research partners of the SmILES project.
As such, they are not only best practice examples of how to use the approach proposed in this document,
but also provide a reference for the work done in work package WP5.
The component model descriptions in this document include references to data files. These additional
files are packaged and attached in document D4-1_attachments.zip, see also Appendix F.
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2

Documentation and consolidation of component models

2.1 Goals and requirements
For the purpose of the SmILES project, a procedure for sharing information about component models
among partners is required, in order to support the cross-simulation studies in work package WP5. Table
1 lists and explains the two most important goals that such an information sharing procedure must
achieve.
Table 1: Goals of the information sharing procedure for the documentation and consolidation of component
models.

Goal

#

Description

Documentation

G1

The procedure must provide a model description that is detailed
and concise enough to enable experts to extract the information
they need to generate or re-use their own models.

Consolidation

G2

The procedure must provide sufficient information to enable a
comparison of a model implementation with a reference, in order
to enable a consistency check across toolchains.

The conceptual foundation for such an information sharing procedure must meet certain requirements,
which were identified during the working process of task T4.1. These requirements are based on
theoretical considerations as well as practical experience from implementations of preliminary versions
of the proposed concept. Table 2 gives an overview of these requirements, which served as guides for the
design of the methodology proposed in Section 2.3 and the specification templates explained in Section 3.
Table 2: Requirements for the information sharing procedure for the documentation and consolidation of
component models.

Requirement

#

Description

Independent of specific
toolchain

R1

The research partners in the SmILES project use different toolchains,
which implement different modelling paradigms and models of
computation. Hence, in order to improve interchangeability of
information between partners, the definition of a component
model must not depend on the specifics of a particular simulation
tool.

Contextual information

R2

Information about intent and background is very helpful and
instructive when implementing or adapting a model. Therefore, a
description of a model’s context regarding application (domain,
intended use) and technical details (modelling paradigm, model
dynamics, etc.) is required.

SmILES deliverable D4.1

5

SmILES – 730936
D4.1
Smart Integration of Energy Storages in Local Multi Energy Systems for Maximising the Share of Renewables in Europe’s Energy Mix

Validation of model
implementations

R3

When implementing a model according to the definition provided
by the test case provider, the cross-simulation partner must be able
to validate this implementation.

Harmonisation of
equivalent models

R4

The modelling paradigm used by a cross-simulation partner may be
not compatible with the modelling paradigm used by the test case
provider, forcing the cross-simulation partner to implement (or reuse) an equivalent model. In this case, the cross-simulation partner
must be able to check the (supposedly) equivalent model for
consistency.

2.2 Related work
To the best knowledge of the authors of this document, there exists no standard or format for
documenting and consolidating component models, neither for energy-related models nor models at
large. Even though several standards and formats for describing simulation models exist, none entirely
fits the requirements. For instance, the Modelica language [1] is an object-oriented, declarative, multidomain modelling language that is independent of a specific toolchain. However, it implicitly assumes that
models are basically time-continuous, with only limited or no support for other modelling paradigms.
Another example is MoML [2], an XML-based modelling language that makes no assumptions about the
meaning of the components or their interconnections. As such it allows to capture basically every type of
modelling paradigms, but its use is in practice limited to the Ptolemy II [3] toolchain.
There exists also no generally agreed upon process for comparing model implementations according to
the goals and requirements defined above, which is necessary to use the information provided in a model
description in a meaningful way. However, this is not due to a lack of approaches documented in the
literature, but rather due to the large variety of simulation paradigms, which all require their own
approach. And even in the case of very specific applications, the recipes are rather qualitative concepts
than quantitative instructions. See for instance the ASME standard related to the verification and
validation of models for computational solid mechanics [4].
Therefore, this document proposes a new methodology for documentation and consolidation. It
elaborates on an information sharing procedure (and an implementation) based on best practice
approaches for documenting and consolidating component models.

2.3 Proposed methodology
The process of documentation and consolidation of models – according to goals G1 and G2 – typically
involves at least two persons, i.e., one provider and one recipient. Hence, the proposed methodology is
split into two main phases, reflecting the tasks to be carried out by the provider and the recipient,
respectively. The two main phases are:
1. Documentation phase: The model provider compiles a description of his/her model, containing
all necessary information for the recipient to develop the same or (re-)use an equivalent model.
2. Consolidation phase: The model recipient implements the same model or decides to (re-)use a
(supposedly) equivalent model in his/her toolchain. This model implementation is then tested
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against a reference, in order to enable consistency, for which the description should provide
adequate information.
In the following subsections, the two phases and associated information needs are explained in more
detail. Figure 1 shows a schematic overview of the proposed methodology’s workflow.

Figure 1: Overview of the methodology’s workflow. The blue boxes represent tasks covered directly by the
methodology, white boxes represent additional tasks that are in the responsibility of the model
provider/recipient.

2.3.1 Documentation phase
This phase addresses primarily goal G1, which aims to provide a quantitative description of a component
model. To comply with the requirements in Table 2, information sharing must cover the following aspects:
•

Classification: The representation of a component model in terms of mathematical equations
alone does not entirely capture its intended purpose. To this end, information about its
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application domain and intended use are required. Furthermore, to understand its simulation
semantics (i.e., how to use the model in a simulation), information about how its behaviour
(quasi-static, dynamic, etc.) and model of computation (time-continuous, discrete-event, etc.) are
needed. This part of the documentation is required to satisfy requirement R2.
•

Mathematical model: A formal, mathematical representation in terms of variables, parameters,
constants and equations is the most natural way to represent a model. For the purpose of
implementing a model for computer simulations, it is also necessary to categorise the used
variables, parameters and constants in terms of their accessibility (input, output, internal) and
representations (real, boolean, integer). This part of the documentation is required to satisfy
requirement R1.

•

Test cases: In addition to the description of the model itself, simulation results from a reference
implementation are required. In order to be useful for the recipient of the description, these
results have to be provided as part of test case definitions. This way, the recipient can reproduce
the same (or an equivalent) simulation experiment to check his/her own model implementation.
To satisfy requirements R3 and R4, at least two separate test cases need to be defined, which
provide reference results in the form of time series and key performance indicators (KPI),
respectively. These KPIs must represent an aggregated measure of the component’s behaviour,
i.e., in contrast to the time series data it should be either a measure of a single component’s
performance over a period of time or an average of an ensemble of components.

2.3.2 Consolidation phase
This phase addresses primarily goal G2, which aims at enabling the recipient of a model description to
implement the specified model. Furthermore, the recipient should be able to check if this implementation
produces results that are consistent with the reference provided in the description.
In the context of energy-related modelling, a lot of different and sometimes even incommensurable
modelling paradigms are used for different types of applications. And in general, there is no single best
model or modelling paradigm for energy modelling. Instead, the best choice of model (and modelling
paradigm) depends primarily on the specific focus of the applications.
Therefore, recipients of model descriptions typically face one of the following two situations:
1. The toolchain of the recipient is based on the same or a compatible modelling paradigm and time
resolution as specified in the description. In this case, it is possible to implement and use the exact
same model as specified in the description.
2. The toolchain of the recipient is based on a modelling paradigm and/or time resolution that is not
compatible with the one specified in the description. In this case, the recipient can only try to
adapt and use a similar model. Typically, such a substitute model represents the same or at least
a similar physical entity as the reference model from the description. However, a substitute model
will in general be based on different modelling assumptions and not reproduce the exact same
behaviour as the reference model.
In both cases, the recipient needs a way to check whether his/her model implementation is indeed
consistent with the reference model specified in the description. However, depending on which of the
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two situations described above actually occurs, there are several options available to check the
implementation’s consistency:
•

Model validation: In the case of the first situation, a comparison of the implementation of the
exact same model based on time-series data from the reference implementation is possible. The
aim is a “substantiation that [the] model […] possesses a satisfactory range of accuracy consistent
with the intended application of the model” [5]. To this end, a number of best practice approaches
have been defined in the literature, see for instance [6] for an overview.

•

Model harmonisation: In the case of the second situation, only a comparison of the behaviour of
the implementation of a (supposedly) similar model with comparable or lower intrinsic time
resolution based on the comparison of key performance indicators is possible. This means that
instead of focussing on the model’s dynamic behaviour, rather a comparison based on an
aggregated measure of performance is used.

From a formal point of view, model validation is preferable over model harmonisation, as it provides a
more in-depth comparison. This is especially true because these component models are then typically
used as part of system models, where the effect of a different component model behaviour on the overall
results is in general hard to quantify. However, model harmonisation is in practice often the only viable
alternative. Therefore, for conducting simulation studies with a high level of confidence, it is crucial to pay
attention to the quantitative measures and margins according to which two component models are
considered consistent.

2.4 Overview of the development of the proposed methodology
An implementation of this proposed methodology has been developed as part of task T4.1 in the form of
a description template for component models. To this end, the development process for this specification
template was split in three separate parts:
1. Concept: During this first stage, the requirements R1, R2 and R3 have been formulated. Then the
conceptual approach presented in Section 2.2 was developed internally at AIT and discussed with
the project partners. Based on this, a first prototype of the specification templates was compiled.
2. Internal feedback: The first prototype of the template was used internally within AIT by domain
experts to specify exemplary component models. The feedback from this stage was included into
an updated version of the specification form. Most of this feedback was covered with improved
nomenclature and comments for clarifying the purpose of the requested information.
Furthermore, additional requirement R4 was formulated and implemented.
3. Partner feedback: Using the updated template, the component models of a simple test case (see
Task 4.4) have been described. The component model descriptions (together with all other
description forms related to the simple test case) were sent out to the partners, who
implemented the test case in their own toolchains (see Milestone 4.1). Some of this work was
carried out as part of the SmILES mobility scheme. Feedback from this process was collected and
discussed among the research partners (during the 6th technical SmILES workshop). Most of this
feedback was again covered by improving the nomenclature and comments in the template.
Furthermore, the test case specifications for model validation and model harmonisation were
extended.
SmILES deliverable D4.1
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The resulting specification template has been used to define the component models used in the context
of the partner’s test cases (see Appendices A to F). They will serve as reference and provide a consistent
basis for the cross-simulation studies conducted in WP5. Details about these specification forms can be
found in Section 3. If required, the specification template will be updated towards the end of the project,
according to the lessons learnt in WP5.

2.5 Application to cross-simulation workflow in WP5
The methodology proposed in this section has been developed in the context of the overarching SmILES
methodology, which aims at providing a tool-independent way of exchanging information about
simulation models. As such, the methodology and its implementation can be used by itself, but its actual
value becomes most apparent within this broader context.
More specifically, this methodology will be used as part of the cross-simulation studies in work package
WP5, where the documented component models will be integrated into the simulation models of the
selected system configurations. The composition of component models for modelling a complete system
configuration is defined in the test case description form to be included in deliverable D4.3.
Given that the partners already have their own toolchains – together with a library of already available
component models – the following procedure is proposed, see also Figure 2:
1. Documentation phase: The test case provider (i.e., the partner defining the test case for the crosssimulation study) uses the model description form to document his/her component models. As
described above, this includes information about the classification, the mathematical model as
well as testing (both for model validation and model harmonization).
2. Consolidation phase: The cross-simulation partner receives the model description forms and
checks his/her own existing models for consistency. This should be done in two consecutive steps:
a. Data consolidation: The aim of this step is to compare static properties of the models. If
necessary, the cross-simulation partner adapts static model properties and draws
assumptions for missing data. For instance, the test case provider’s model might contain
a detailed electrical circuit, whereas the cross-simulation partner only uses a simplified
electrical circuit. In this case, the cross-simulation partner should adapt his model
parameters to represent a reasonable equivalent circuit.
b. Model consolidation: The aim of this step is to compare the dynamic properties of the
models. By implementing and running the minimal test cases defined in the model
description forms, the cross-simulation partner’s model implementations can be checked
for consistency. Depending on whether these implementations follow the same
modelling approach, this check should be either based on time-series data (model
validation) or on key performance indicators (model harmonisation).
3. Feedback phase: The cross-simulation partner’s effort to consolidate his/her models typically
provides valuable information about missing data or unclear formulations in the model
description form. The test case provider should diligently use this information to update and
improve the model description form accordingly.
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Figure 2: Overview of cross-simulation workflow related to documentation and consolidation of models.

Some remarks regarding the implementation of this procedure in practice:
•

No general recipe exists for adapting static or dynamic properties of models as required in phase 2
(consolidation phase). Cross-simulation partners must rely on their domain expertise and utilize
appropriate approaches. However, the literature is full of examples, such as equivalent circuits,
aggregation or parameter fitting.

•

No general quantitative measure exists for defining “consistency” when comparing model
implementations. The most generic approaches rely on statistical evaluations, that either require
running a large number of independent test runs (hypothesis testing) or the availability of data
with error estimates for each data point (model fitting). However, these approaches are in
practice often not feasible due to the high associated effort and data requirements. Furthermore,
in case a time series (model validation) or key performance indicators (model harmonisation) are
not based on real measurement data but on simulation results, it is in general not easy to calculate
meaningful errors for the data.

•

Differences between the implementations of the component models (local) should be used as an
indicator for expected differences in the overall system results (global). However, this is not within
the scope of this deliverable.

•

Due to the scope defined in the project proposal, the compilation of component models in this
deliverable is restricted to models of storages and conversion technologies. However, the
proposed methodology is applicable to all types of component models that are needed to
implement the cross-simulation test cases (including models of energy networks).
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3

Component model specification

The component model specification template comprises five sections. The first section – titled About –
provides general information about the model, i.e., its name, author, a short description and notes about
its development status. The last (optional) section – titled Additional Information – allows to provide
information about reference implementations, related models, related publications and (if applicable)
intellectual property concerns. The main sections – titled Classification, Mathematical Model and Testing
– contain the relevant information to characterise the model and are explained in more detail in the
following subsections.

3.1 Classification
This section contains the context of the model regarding application (modelling domain, intended use)
and technical details (modelling approach, model dynamics, model of computation, functional
representation), see Table 3 for a detailed description.
Table 3: Information requested in the specification template regarding the classification of component models.

Field name

Description

Domain

Specify the modelling domain of the component model from the
following list: electrical storage, thermal storage, energy conversion
device, other.

Intended application (incl.
scale and resolution)

In the context of practical applications, purely abstract definitions of
models can sometimes distract from the intentions of the original
intention behind it. This can make it for instance difficult to understand
the intended application of the model. As such, it is often useful to give
contextual information beyond the model definition itself (incl. scale and
temporal information).

Modelling of spatial
aspects

Explain the approach of how this model describes the spatial distribution
of the system by selecting (at least one) from the following list: lumped
(single device), discretized (single device), averaged (multiple devices),
other. Furthermore, provide details justifying this choice.
Example
The spatial aspects of a battery can be modelled in different ways, for
instance:
• lumped: the whole battery is represented as a single capacitor
• discretized: the battery is represented as a system of parallel electrochemical cells
• averaged: not the state of a single battery, but the average over a
large ensemble of batteries (in dependence on exogeneous inputs) is
modelled
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Model dynamics

Explain how the model captures the dynamic behaviour of the system by
selecting (at least one) from the following list: static, quasi-static,
dynamic, other. Furthermore, provide details justifying this choice.
Example
The dynamics of a heat pump can be modelled in different ways, for
instance:
• static: the heat pump’s coefficient of performance is assumed to be
constant
• quasi-static: at (conditions close to) a thermodynamic equilibrium, a
heat pump’s thermal power output can be assumed to be a multiple
of the electric consumption
• dynamic: non-linear hydraulic model of condenser, expansion valve,
evaporator and compressor

Model of computation

Explain how the model captures the system’s evolution with respect to
time and/or external stimuli by selecting (at least one) from the following
list: time-continuous, discretized-event, state machine, other.
Furthermore, provide details justifying this choice.
Example
Depending on the focus of a simulation setup, different aspects of an eboiler can be modelled:
• time-continuous: model the e-boiler’s thermodynamic properties by
step-wise integrating a set of differential equations
• discretized event: model only the e-boiler’s behaviour in terms of
actuation patterns by calculating the next time it switches on/off
• state machine: abstract the e-boiler and its controller by explicitly
describing the behaviour of each state (on/off) and adding rules how
to switch between these states (e.g., turn on when temperature
reaches lower limit)

Functional representation

SmILES deliverable D4.1
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3.2 Mathematical model
This section provides information about the actual mathematical model by specifying variables,
parameters and equations. Variables and parameters should be specified with type (Real, Integer,
Boolean, String) and (physical) unit. Names of variables and parameters must either follow common
mathematical naming conventions or comply to a typical machine-readable format (e.g., naming
conventions for popular programming languages). In case the equations are too complex to be
reproduced here, also a reference to a book or any other publication can be given.
Table 4: Information requested in the specification template regarding the component’s mathematical model.

Field name

Description

Input variables (name,
type, unit, description)

Specify the variables that must be provided as external inputs to the
model during the simulation.

Output variables (name,
type, unit, description)

Specify the variables that the model provides as output during the
simulation.

Parameters (name, type,
unit, description)

Specify parameters that can be modified before the start of the
simulation, in order to modify the general behaviour of the model.

Internal variables (name,
type, unit, description)

Specify internal model variables that cannot be accessed from outside
the model (e.g., auxiliary variables for computing intermediate results).

Internal constants (name,
type, unit, description)

Specify internal constants used by the model.

Model equations –
Governing equations

Formulate or provide references to the model’s governing equations,
i.e., the equations describing the model’s internal state.
Example
Kirchhoff’s current law, applied to parallel battery cells: 𝐼𝑏𝑎𝑡 = ∑𝑐𝑒𝑙𝑙𝑠 𝐼

Model equations –
Constitutive equations

Formulate or provide references to the model’s constitutive equations,
i.e., the equations describing the material properties.
Example
Heat capacity: 𝑄 = 𝑀 ∗ 𝐶 ∗ 𝑇

Initial conditions

Provide all necessary conditions that are required to unambiguously
define the model’s initial state when initializing the simulation.

Boundary conditions

Describe additional conditions (e.g., operational constraints) that have
to be satisfied (at all times).

Optional: graphical
representation

Provide a figure that visually describes (aspects of) the model or its
context (e.g., schematic diagram or state transition diagram).

SmILES deliverable D4.1
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3.3 Testing
This section is intended to provide (simple) test cases for the purpose of assessing the dynamics of model
implementations. These tests should enable two different kinds of assessments (compare to Section 2.2):
•

Model validation compares the dynamic behaviour of implementations of the exact same model
based on time-series data.

•

Model harmonization compares the behaviour of implementations of (supposedly) similar
models with comparable or lower intrinsic time resolution based on the comparison of key
performance indicators.

The component model specification document includes dedicated template for defining test cases for
model validation and model harmonisation. For static models this part of the documentation can be
skipped. Table 5 provides a description of this template.
Table 5: Information requested in the specification template regarding a test case for model validation and
model harmonisation.

Field name

Description

Narrative

Provide a simple, textual description of the test specification.

Test system configuration

Describe the test setup, including:
•

How long does the simulation run?

•

Are there any other models required for this setup? If yes,
provide a link to their description.

•

Is a controller required for this setup (see also below)?

Inputs and parameters

Specify the (exogeneous) inputs of the model used in this test. Also
specify the model parameters used in this test. If necessary, attach this
information as dataset (SmILES data format, see deliverable D3.3).

Control function (optional)

Specify any additional control functions used for this test.

Initial system state

Unambiguously describe the initial state of the system.

Temporal resolution

Provide information regarding the temporal resolution of the test
simulation, such as integrator step size, time resolution for event
handling, etc.

Evolution of system state

Describe (textual and/or graphical) the expected qualitative behaviour of
the component model in this simulation.

Results

Model validation
Provide a quantitative description of the expected simulation output
based on time series. This information must be comprehensive enough
for someone else to validate his/her own implementation of this model.
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If necessary, attach this information as dataset (SmILES data format, see
deliverable D3.3).
Model harmonisation
Provide a quantitative description of the expected simulation output
based on key performance indicators. This information must be
comprehensive enough for someone else to validate his/her own
implementation of this model. If necessary, attach this information as
dataset (SmILES data format, see deliverable D3.3).
The component model specification document also provides a template to optionally define a test case
intended for sensitivity analysis of the model. This template is mostly identical to the template for defining
test cases for model validation and model harmonisation (see Table 5), additional/alternative requested
information is listed in Table 6.
Table 6: Additional / alternative Information requested in the specification template regarding a test case for
sensitivity analysis.

Field name

Description

Source of uncertainty

The goal of this optional test cases is to understand how different
sources of uncertainty in the component model input affect the model’s
output. To this end, specify the source of uncertainty for this specific
sensitivity analysis.

Results

Provide a quantitative description of the expected simulation output.
This information must be comprehensive enough for someone else to
validate his/her own implementation of this model. If necessary, attach
this information as dataset (SmILES data format, see deliverable D3.3).
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4

Example model specification

This section shows an example documentation (classification, mathematical model and testing) of a
simple component model. It uses a simple model of a thermal radiator, including a sensor that checks if
the temperature is within a predefined interval (operating temperature).

4.1 Original model
Figure 3 shows the model of a simple thermal radiator, implemented in Modelica. For the purpose of the
example shown in this section, please suppose that this model is the starting point for someone who
wants to document his/her model for a cross simulation (model provider).

Figure 3: Simple radiator model, implemented in Modelica.

The radiator is modelled as thermal capacitor. It represents a simple hybrid system, combining a
continuous time-driven state equation with a discrete event-based sensor. Due to its simplicity, the model
is relatively easy to understand:
•

Lines 3 to 17 define the input variables, output variables and parameters of the model.

•

Lines 20 to 24 define a conditional clause that determines the value of the Boolean output variable
called ok (representing the sensor). It is always true in case the temperature T of the radiator is
within the operating limits (defined through parameters Tlow and Thigh), otherwise it is set to
false.

SmILES deliverable D4.1
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•

Lines 26 and 27 represent the well-known equation of state for a thermal capacitor, with the
operand der(…) denoting a derivative with respect to time.

•

Line 29 basically assigns the value of the derivative of T to the output variable derT.

4.2 Classification
Before going into the details of the mathematical equations, the model’s context in terms of intended
application, underlying assumptions and modelling paradigm needs to be explained. This information may
seem obvious to the model provider, because he/she is very familiar with Modelica-based models and
toolchains. However, the recipient of the model may not have this knowledge. The following fragment
from a completed model specification template shows how a meaningful classification for this model may
look like.
Domain

☐

electrical storage

☒

thermal storage

☐

energy conversion device

☐

other, please specify:

Intended application
(including scale and resolution)

Intended to be used for testing of dynamic process
simulations, with temporal resolutions in the range of
seconds to minutes.

Modelling of spatial aspects

☒

lumped (single device)

☐

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

The thermal capacitor is modelled as one single,
homogeneous, lumped mass.
Model dynamics

☐

static

☒

quasi-static

☐

dynamic

☐

other, please specify:

It is assumed that the thermal capacitor and its surroundings
are always in a thermal equilibrium.
Model of computation

SmILES deliverable D4.1
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hybrid system:

Functional representation

•

continuous time-driven state equation

•

discrete event-based sensor

☒

explicit

☐

implicit

☒

other, please specify:

simple explicit model, consisting of a system of first order
linear differential equations

4.3 Mathematical model
The model equations in Figure 3 are easy to read and understand, partly due to their simplicity and partly
due to Modelica’s intuitive approach. Nevertheless, in general it cannot be assumed that the recipient of
the model description is familiar with a specific modelling or programming language. Hence, a proper
mathematical representation like in the following fragment from a completed model specification
template is required.
Input variables
(name, type, unit, description)

• Real Pheat: heating power [W]

Output variables
(name, type, unit, description)

• Real T: radiator temperature [degC]

• Real Pdemand: heating demand [W]

• Real derT: derivative of radiator temperature [degC/s]
• Boolean ok: controller signal to show if operating
temperature is within the limits [-]

Parameters
(name, type, unit, description)

• Real Tlow: minimum operating temperature [degC]

Internal variables
(name, type, unit, description)

• Real Q: energy stored in radiator [J]

Internal constants
(name, type, unit, description)

• Real C0 = 4185.5 J/(kg⋅degC): thermal capacity of water
(15 degC, 101.325 kPa)

• Real Thigh: maximum operating temperature [degC]

• Real C: thermal capacity of the radiator [J/(kg⋅degC)]

• Real M = 50 kg: mass of stored water
Model equations

Governing equations
(1) Q̇ = Pheat − Pdemand
(2) derT ∶= Ṫ

SmILES deliverable D4.1
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(3) ok ∶= {

true if (T > Tlow) ∧ ( T < Thigh)
false
else

Constitutive equations
(4) Q = M ∗ C ∗ T
(5) C = C0
Initial conditions

(6) T = (Tlow + Thigh)⁄2
(7) Pheat = 0

Boundary conditions

None

Optional: graphical representation
(schematic diagram, state transition
diagram, etc.)

In the case presented above, it is relatively easy to directly see the link to Figure 3:
•

The variable declarations from lines 3 to 17 are mirrored in the first five fields.

•

The conditional clause and the equations from lines 20 to 29 are represented in the field model
equations (but without using notations specific to a particular modelling or programming
language).

•

The value assignments in the variable declarations in lines 13 and 14 are represented by declaring
parameters C0 and M as internal constants.

•

The value assignments in the variable declarations in lines 3 and 6 are represented as initial
conditions.

4.4 Testing
The definition in Figure 3 (and its equivalent in Sections 4.2 and 4.3) defines the dynamical behaviour of
the model. However, it provides no reference for a recipient of the model description to check his/her
own implementation of the model. To this end, the provider of model should simply use his/her typical
toolchain to produce meaningful for subsequent model validation and model harmonisation.
Figure 4 shows such simulation results for a simple simulation experiment that uses an implementation
of the simple radiator model. For this specific example, the model was compiled in Dymola1 (a Modelicabased simulation toolchain) and used in a co-simulation. The time series results from the reference
experiment (see below for details) are plotted as black dots. In addition, another 1000 simulations were
run with randomized inputs (see below for details), represented by the grey band indicating the maximum

1

See: https://www.3ds.com/products-services/catia/products/dymola
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deviations from the reference. The figure on the right also shows the time series data from one of these
additional simulation runs.

Figure 4: Simulation results for the simple radiator model (black: reference simulation, red: example of
simulation with randomized inputs).

This information can be very useful to the recipient of the model description for checking his/her own
model implementation. However, it needs to be presented in a way that enables the recipient to
reproduce it. To do so, a detailed description of the compilation of the model in Dymola and the setup of
the co-simulation toolchain that was used to produce the reference data is only of limited value. Because
the recipient might either not have access to the same toolchain or simply choose to use an incompatible
toolchain, a more generic description of the simulation experiment is needed.
The following fragments from a completed model description template show an attempt to do this in a
meaningful way. This description relies on parts of the SmILES methodology, such as the concept of system
configurations and control functions to provide a more abstract view of the simulation setup. It also
distinguishes between a test case for model validation (based on the reference time series from Figure 4)
and model harmonisation (KPIs extracted from the same simulation run as shown in Figure 4). The extra
information from the additional 1000 simulation runs is condensed into the description of the sensitivity
analysis.
In this example, all three test cases basically rely on the same setup. However, while in many cases
convenient, this is in general not necessarily the best way to proceed.
Model Validation
Narrative
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Given a specific heat demand profile, the test assesses the
model’s response when connected with a hysteresis
controller. The controller is expected to set the heating
power (Pheat) to a specific fixed value (PheatOn) as soon as
the radiator’s temperature reaches the minimum operating
temperature (Tlow). From then on it should heat up the
radiator until it reaches its maximum operating temperature
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(Thigh), at which point the heating power should be set to
zero, and so on.
Test system configuration

• total simulation time: 4 hours
• the model is connected to a hysteresis controller (see
below)
• requires a numerical integrator that allows event
handling based on threshold crossings
Inputs and parameters

• with time t in seconds:
Real Pdemand( t ) = 500 + 200 ∗ sin( 1000 ∗ t ) [W]
• Real PheatOn = 1000 W
• Real Tlow = 80 degC
• Real Thigh = 90 degC

Control function

A simple hysteresis controller is used:
• turn radiator off (Pheat = 0) if T > Thigh
• turn radiator on (Pheat = PheatOn) if T < Tlow

Initial system state

• Radiator start temperature according to Eq. (6)
• Heating should be turned off at simulation start
according to Eq. (7)

Temporal resolution

• The standard integration interval is 5 min.
• If the radiator temperature reaches the upper (Thigh) or
lower (Tlow) threshold of the operating range, the
integration stops (and shortens the standard integration
interval accordingly).
• Switching points of the controller are determined with a
precision of at least 0.01 s.
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Evolution of system state

• The temperature of the radiator should always be within
the limits of the operating temperature.
• At switching points the limits of the operating
temperature should not be violated by more than

 0.01 degC.
Results

The diagram shows the resulting time series of the radiator
temperature. The numerical values are provided in the
attached data file (SmILES_D4-1_model-example_data.zip).

Model harmonization
Narrative

This analysis uses the same test setup as the one used for
model validation (see above). However, this setup focuses
on the total consumed thermal energy.

Test system configuration

same as model validation setup

Inputs and parameters

same as model validation setup

Control function (optional)

same as model validation setup

Initial system state

same as model validation setup

Temporal resolution

same as model validation setup

Evolution of system state

same as model validation setup

Results

• Real Etherm = 2,02 kWh: total thermal energy consumed
within the 4 hours of simulation time (integral of Pheat)

Sensitivity analysis
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Narrative

This analysis uses the same test setup as the one used for
model validation (see above). However, a randomized signal
is added on top of the heat demand profile. Based on this
source of uncertainty, the (statistical) effect on the actuation
times of the hysteresis controller is quantified.

Test system configuration

same as model validation setup

Source of uncertainty

A randomized signal is added on top of the heat demand
profile:
• Real deltaPdemand( t ) = 20 ∗ U( t ) [W]
• U( t ) is a uniformly distributed random variable in the
interval [-1,1], with a new value drawn every 5 min.

Inputs and parameters

• with time t in seconds:
Real Pdemand( t ) = deltaPdemand( t ) + 500 + 200 ∗
sin( 1000 ∗ t ) [W]
• other parameters are the same as in the model
validation setup

Control function (optional)

same as model validation setup

Initial system state

same as model validation setup

Temporal resolution

same as model validation setup

Evolution of system state

same as model validation setup

Results

Randomizing the heat profile results in different actuation
times of the hysteresis controller for different simulation
runs. In the following, the average and the standard
deviation of the first two actuation times (from a sample of
1000 simulations) is given as reference:
• 1st actuation time (turn radiator on): 1648.3  11.1 s
• 2nd actuation time (turn radiator off): 5499.8  19.6 s
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Appendix A: Model specifications for Smartdorf (AIT)
A.1 ElectricHeater
About
Model name

ElectricHeater

Author / organization

Benedikt Leitner / AIT

Short description

A model of an electric heater including a pump. The pump controls
the mass flow through the heater which heats the fluid to a set
temperature. The electric heater has a constant power-to-heat
efficiency and a nominal heat flow rate.

Present use / development
status

The model is part of AIT’s internal Modelica library for district
heating and is usable for co-simulation with electric network
models. The Modelica library uses the Modelica standard library
and the IBPSA library as a core.

Classification
Domain

☐

electrical storage

☐

thermal storage

☒

energy conversion device

☐

other, please specify:

Intended application
Intended to be used for return-supply connections in district
(including scale and resolution) heating networks or in combination with thermal storage tanks,
with a temporal resolution of seconds to minutes
Modelling of spatial aspects

☒

lumped (single device)

☐

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

The model represents an ideal heater that controls its outlet
temperature to a prescribed outlet temperature and the mass flow
through it using a controllable pump.
Model dynamics
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static
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quasi-static
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dynamic
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The component models the dynamic response using a first order
differential equation. The model is able to capture flow reversals
and zero flow.
Model of computation

☒

time-continuous

☐

discrete-event

☐

state machine

☐

other, please specify:

The model avoids the use of events if possible (see, e.g., the
noEvent- or smooth-operator described in the Modelica standard).
Functional representation

☒

explicit

☐

implicit

☒

other, please specify: acausal modelling

The fluid ports (port_a and port_b) use Modelica’s acausal
modelling paradigm. Thus, no strict classification of input/output
variables is possible. Instead a design flow direction from port_a to
port_b is used for this classification. An additional note is added to
these variables for clarification. Moreover, Modelica ports are not
restricted to single variables. The fluid ports used here define a mix
of multiple variables, i.e., enthalpy (stream), mass flow (flow) and
pressure (potential). For more details see the Modelica
Specification and the respective fluid port model
Modelica.Fluid.Interfaces.FluidPort.

Mathematical Model
Input variables
(name, type, unit, description)

•

Real m_flow_set: mass flow setpoint for pump [kg/s]

•

Modelica.Fluid.Interfaces.FluidPort port_a (acausal): fluid
port at return side

Output variables
(name, type, unit, description)

•

Real P: current electric load [W]

•

Modelica.Fluid.Interfaces.FluidPort port_b (acausal): fluid
port at supply side

Parameters
(name, type, unit, description)

•

Real Q_flow_nominal: nominal heat flow [W]

•

Real TemSup_nominal: nominal supply temperature [K]

•

Real TemRet_nominal: nominal return temperature [K]

•

Real eff: power-to-heat efficiency [-]

•

Real m_flow_nominal: nominal mass flow calculated based on
parameter values [kg/s]

Internal variables
(name, type, unit, description)
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Internal constants
(name, type, unit, description)
Model equations

•

Real c_p: heat capacity of water [J/K*kg]

Governing equations
m_flow_nominal = Q_flow_nominal / (c_p*(TemSup_nominal TemRet_nominal))
See Modelica models:
•

Heater: IBPSA.Fluid.HeatExchangers.Heater_T

•

Pump: IBPSA.Fluid.Movers.FlowControlled_m_flow

Constitutive equations
See Modelica models:
•

Medium: IBPSA.Media.Water

Initial conditions

Medium is initialized with default values (see Modelica model)

Boundary conditions

Connections to fluid ports at return and supply.

Optional: graphical
representation
(schematic diagram, state
transition diagram, etc.)

Modelica model diagram

Testing
Model Validation
Narrative
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above the nominal mass flow of the component to show its
behaviour at both design and off-design situations.
Test system configuration

Modelica diagram of test system configuration

The simulation runs for 4 hours. The Modelica standard library and
the IBPSA library are needed. The pump controller setting the
mass flow is modelled as a ramping function.
Inputs and parameters

Inputs:
•

m_flow_set (see control function)

•

port_a: connected to fluid boundary with a fixed
temperature of 30 °C

Outputs:
•

port_b: connected to fluid boundary

Model parameters:
•

Q_flow_nominal = 10 kW

•

TemSup_nominal = 70 K

•

TemRet_nominal = 30 K

•

eff = 1

•

m_flow_nominal (internal) = 0.06 kg/s

Control function (optional)

A ramping function is used to control the mass flow of the pump
m_flow_set of the electric heater. The function starts at zero. After
one hour the ramp starts and increases to 0.1 within two hours. It
stays at 0.1 till the end of the simulation.

Initial system state

The system starts without any mass flow.

Temporal resolution

CVode is used as an integrator. It uses a variable integrator step
size based on tolerance settings. Here a relative tolerance of
0.0001 is used. Simulation result outputs are generated every 60
seconds or on events (if any).

Evolution of system state

The electric heater takes water from the cold source
(corresponding to the nominal return temperature value of the
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electric heater TemRet_nominal). The mass flow is set by the
pump which is controlled through a ramping function. The heater
increases the temperature of the fluid. In case the mass flow is
below the nominal mass flow, the fluid temperature equals the
nominal temperature TemSup_nominal. In case the mass flow is
higher the heater is operating with full capacity Q_flow_nominal
but is not able to reach the nominal temperature
TemSup_nominal.
Results

The results show that the pump generates a mass flow according
to the control function described above. The temperature at the
supply side of the electric heater rises to its nominal value as soon
as the mass flow becomes positive. It stays at this value until the
mass flow exceeds the nominal value m_flow_nominal. From
there on the electric heater is operating at full capacity
Q_flow_nominal and is not able to reach the nominal temperature
anymore. This can be seen from the electric power consumption.
It rises to the nominal power capacity (10 kW) until the nominal
mass flow is reached and stays constant from there on.

Results for supplied temperature, mass flow including nominal mass
flow and electric power consumption (from top to bottom).

The numerical values are provided in the attached data file
(AIT_ElectricHeater_data.zip).

Model harmonization
Narrative

Same as in model validation.

Test system configuration

Same as in model validation.
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Inputs and parameters

Same as in model validation.

Control function (optional)

Same as in model validation.

Initial system state

Same as in model validation.

Temporal resolution

Same as in model validation.

Evolution of system state

Same as in model validation.

Results

Mean weighted temperature:
𝑇𝑚𝑒𝑎𝑛 =

∫ 𝑑𝑡 𝑚𝑓𝑙𝑜𝑤 (𝑡) ∗ 𝑇𝑠𝑢𝑝𝑝𝑙𝑦 (𝑡)
= 58.72 °𝐶
∫ 𝑑𝑡 𝑚𝑓𝑙𝑜𝑤 (𝑡)

where 𝑚𝑓𝑙𝑜𝑤 is the mass flow and 𝑇𝑠𝑢𝑝𝑝𝑙𝑦 the supply temperature.
Total electric power consumption:
𝑃𝑡𝑜𝑡𝑎𝑙 = ∫ 𝑑𝑡 𝑃(𝑡) = 24.00 𝑘𝑊ℎ
Where 𝑃 is the electric power consumed.

Additional Information
Reference implementation

See IBPSA library (https://github.com/ibpsa/modelica-ibpsa)

Similar / related models

See IBPSA library (https://github.com/ibpsa/modelica-ibpsa)

Related publications

The Modelica Standard library as well as the IBPSA library are
available under a 3-clause BSD-license.

Intellectual property concerns
(if applicable)

The Modelica Standard library as well as the IBPSA library are
available under a 3-clause BSD-license.

A.2 ThermalEnergyStorage
About
Model name

ThermalEnergyStorage

Author / organization

Benedikt Leitner / AIT

Short description

A model of a stratified storage tank for thermal energy storage.

Present use / development
status

The model is part of AIT’s internal Modelica library for district
heating and is usable for co-simulation with electric network
models. The Modelica library uses the Modelica standard library
and the IBPSA library as a core.
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Classification
Domain

☐

electrical storage

☒

thermal storage

☐

energy conversion device

☐

other, please specify:

Intended application
Intended to be used for return-supply connections in, e.g., district
(including scale and resolution) heating networks and possibly in combination with a heater unit.
The temporal resolution is minutes to hours.
Modelling of spatial aspects

☐

lumped (single device)

☒

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

The model represents a stratified storage tank. The tank uses
several volumes to model the stratification. The tank has a fixed
volume. Thus, the same mass flow injected at the top of the tank
leaves the tank at the bottom and vice versa.
Model dynamics

☐

static

☐

quasi-static

☒

dynamic

☐

other, please specify:

Heat conduction is modelled between the volumes through the
fluid, and between the volumes and the ambient. Effects modelled
include buoyancy, heat transfer between layers as a result of heat
conduction and mass flow as well as heat transfer of each layer to
the ambient. The model is able to capture flow reversals and zero
flow.
Model of computation

☒

time-continuous

☐

discrete-event

☐

state machine

☐

other, please specify:

The model avoids the use of events if possible (see, e.g., the
noEvent- or smooth-operator described in the Modelica standard).
Functional representation
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explicit

☐
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☒

other, please specify: acausal modelling

The fluid ports (port_a and port_b) use Modelica’s acausal
modelling paradigm. Thus, no strict classification of input/output
variables is possible. Instead a design flow direction from port_a to
port_b is used for this classification. An additional note is added to
these variables for clarification. Moreover, Modelica ports are not
restricted to single variables. The fluid ports used here define a mix
of multiple variables, i.e., enthalpy (stream), mass flow (flow) and
pressure (potential). For more details see the Modelica
Specification and the respective fluid port model
Modelica.Fluid.Interfaces.FluidPort.

Mathematical Model
Input variables
(name, type, unit, description)

•

Modelica.Fluid.Interfaces.FluidPort port_a (acausal): fluid
port at return side

Output variables
(name, type, unit, description)

•

Real T_i: temperature of layer I [K]

•

Modelica.Fluid.Interfaces.FluidPort port_b (acausal): fluid
port at supply side

Parameters
(name, type, unit, description)

•

Real m_flow_nominal: nominal mass flow through component
[kg/s]

•

Real VTan: tank volume [m3]

•

Real hTan: height of tank (without insulation) [m]

•

Real dIns: thickness of insulation [m]

•

Real kIns: specific heat conductivity of insulation [W/m*K]

•

Integer nSeg: number of volume segments/stratifi-cation
layers [-]

•

Real TemAmb: ambient temperature (to calculate losses) [K]

Internal variables
(name, type, unit, description)

See Modelica models:

Internal constants
(name, type, unit, description)

See Modelica models:

Model equations

Governing equations

•

•

Tank: IBPSA.Fluid.Storage.StratifiedEnhanced

Tank: IBPSA.Fluid.Storage.StratifiedEnhanced

See Modelica models:
•

Tank: IBPSA.Fluid.Storage.StratifiedEnhanced

Constitutive equations
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See Modelica models:

Initial conditions
Boundary conditions

•

Medium: IBPSA.Media.Water

•

Real T_init_i: initial temperature of medium of layer i [K]

Connections to fluid ports at top and bottom layer.

Optional: graphical
representation
(schematic diagram, state
transition diagram, etc.)

Modelica model diagram

Testing
Model Validation
Narrative

The electric heater is connected to a cold source (30°C) and
receives mass flow setpoints. These setpoints start at zero and rise
above the nominal mass flow of the component to show its
behaviour at both design and off-design situations.

Test system configuration

Modelica diagram of test system configuration

The simulation runs for 4 hours. The Modelica standard library and
the IBPSA library are needed, including IBPSA.Media.Water used as
medium. The mass flow through the component is controlled using
a step function.
Inputs and parameters
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Model parameters:
•

m_flow_nominal = 1 kg/s

•

VTan = 5 m3

•

hTan = 2 m

•

dIns = 0.2 m

•

kIns = 0.04 W/m*K

•

nSeg = 10

•

TAmb = 20 °C
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Inputs:
•

port_a: connected to fluid boundary with a fixed
temperature of 70 °C and prescribed mass flow according to
control function

Outputs:
•

port_b: connected to fluid boundary

Control function (optional)

A step function is used to control the mass flow m_flow through
the component. The function starts at zero. After one hour it is
increased to 1 and stays at this value till the end of the simulation.

Initial system state

The system starts without any mass flow. Temperature of the
medium of each layer i is set to its initial value T_init_i.
•

T_init_i = 20 °C ∀ i ∈ [1, nSeg]

Temporal resolution

CVode is used as an integrator. It uses a variable integrator step
size based on tolerance settings. Here a relative tolerance of
0.0001 is used. Simulation result outputs are generated every 60
seconds or on events (if any).

Evolution of system state

The system starts in thermal equilibrium. The tank and the ambient
are at the same temperature and, thus, do not exchange heat (no
losses). No mass flow is running through the tank. Once a mass
flow with hot water enters the tank at the top, the temperature of
the tank starts to increase from top to bottom. Cold water from
the bottom of the tank is leaving the tank. As the water at the
bottom of the tank is becoming warmer, also the water leaving the
tank is becoming warmer. This temperature reaches nearly (losses)
the supply temperature once the tank is full.

Results

At the beginning the tank is in a thermal equilibrium with the
ambient, both have a temperature of 20 °C. Thus, heat losses are
zero. After 1 h a mass flow of 1 kg/s with a temperature of 70 °C is
injected into the top of the tank. This causes a mixing of the fluid
of the different layers in the tank. As a result, the temperature of
each layer is increased. The increase starts at the top layer while
also affecting lower layers with some delay. Consequently, heat
losses of the tank rise. After around 3 hours the tank is “full”. Thus,
water with approximately 70 °C, i.e., the supply temperature, is
exiting the tank at the bottom. The heat losses of the “full” tank
reach a value of 174 W.
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Results for mass flow through the tank, temperature of each layer and
heat losses to ambient (from top to bottom).

The numerical values are provided in the attached data file
(AIT_ThermalEnergyStorage_data.zip).

Sensitivity analysis (optional)
Narrative

The storage volume is varied. The sensitivity of the state of charge
and the heat losses on tank volume is assessed.

Test system configuration

Simulation runs for 6 hours. Rest is same as in model validation.

Source of uncertainty

The tank volume VTan is varied in the range of 1 m3 to 10 m3 with
a step size of 1 m3.

Inputs and parameters

Same as in model validation. Only difference is the tank volume as
described above.

Control function (optional)

Same as in model validation.

Initial system state

Same as in model validation.

Temporal resolution

Same as in model validation.

Evolution of system state

With higher tank volumes the tank will need more time to get fully
charged. Also heat losses are expected to rise due to the higher
surface area of the tank.

Results

Results for the SOC show that the higher the tank volume, the later
it is fully charged. This is not surprising as the mass flow into the
tank is the same for all cases. A tank that is 1 m3 bigger takes
around 22 minutes longer to fully charge. The heat losses of the
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storage tank increase with larger tank volumes. This is mainly due
to the higher surface area.

Results for the SOC and heat loss over time for different tank sizes.

Model harmonization
Narrative

Same as in model validation.

Test system configuration

Same as in model validation.

Inputs and parameters

Same as in model validation.

Control function (optional)

Same as in model validation.

Initial system state

Same as in model validation.

Temporal resolution

Same as in model validation.

Evolution of system state

Same as in model validation.

Results

State of charge of the tank:
𝑆𝑂𝐶 = number of layers with temperature > 𝑇𝑚𝑖𝑛
where 𝑇𝑚𝑖𝑛 is the minimum temperature at which a layer is
counted to be fully charged.
Total heat losses during simulation:
𝑄𝑡𝑜𝑡,𝑙𝑜𝑠𝑠 = ∫ 𝑑𝑡 𝑄𝑙𝑜𝑠𝑠 (𝑡) = 1.79 𝑘𝑊ℎ
where 𝑄𝑙𝑜𝑠𝑠 is the heat loss.
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Evolution of SOC with 𝑇𝑚𝑖𝑛 = 65 °C.

Additional Information
Reference implementation

-

Similar / related models

See IBPSA library (https://github.com/ibpsa/modelica-ibpsa)

Related publications

-

Intellectual property concerns
(if applicable)

The Modelica Standard library as well as the IBPSA library are
available under a 3-clause BSD-license.
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Appendix B: Model specifications for Nordhavn (DTU)
B.1 District booster heater
About
Model name

NHN District booster heater

Author / organization

Tue Vissing Jensen / DTU Elektro

Short description

A heat pump booster heater integrated into the district heating
network. Heats up water in the forward pipe and cools down water
in the return pipe.

Classification
Domain

☐

electrical storage

☐

thermal storage

☒

energy conversion device

☐

other, please specify:

Intended application
Intended for studies of temperature transport in district heating
(including scale and resolution) systems, temporal resolution of order few seconds.
Modelling of spatial aspects

Model dynamics

Model of computation

Functional representation
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☒

lumped (single device)

☐

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

☐

static

☒

quasi-static

☐

dynamic

☐

other, please specify:

☒

time-continuous

☐

discrete-event

☐

state machine

☐

other, please specify:

☒

explicit

☐

implicit

☐

other, please specify:
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Mathematical Model
Input variables
(name, type, unit, description)

Output variables
(name, type, unit, description)

Parameters
(name, type, unit, description)

Internal variables
(name, type, unit, description)

Internal constants
(name, type, unit, description)
Model equations

•

Q_set [kW_q]: Requested heating power delivered to the
forward pipe by the unit.

•

T^f_in [ºC]: Inflow temperature in forward pipe

•

T^r_in [ºC]: Inflow temperature in return pipe

•

mdot_f [kg/s]: Mass flow rate in forward pipe

•

mdot_r [kg/s]: Mass flow rate in return pipe

•

Q_f [kW_q]: Delivered heating power to the forward pipe by
the unit. (typically >0 = heating)

•

Q_r [kW_q]: Consumed heating power from the return pipe
by the unit (Typically >0 = cooling)

•

P_e [kW_e]: Consumed electrical power. (>0 = consuming
power)

•

T^f_out [K]: Outflow temperature in forward pipe

•

T^r_out [K]: Outflow temperature in return pipe

•

eta_s [%]: System efficiency

•

eta_e [%]: Electrical pump efficiency

•

lambda [1/s]: Rate of pump setpoint change

•

W_max [kW_m]: Maximum pumping power

•

P_0 [kW_e]: Electrical consumption of system at zero pump
load.

•

dt [s]: Time resolution of step (possibly variable)

•

T^f_L [K]: Logarithmic mean forward temperature

•

T^r_L [K]: Logarithmic mean return temperature

•

eta_L [%]: Heat pump lorentz efficiency

•

eta_hp [%]: Overall heat pump efficiency

•

W [MW_m]: Work done by heat pump circulation pump

•

C_p [kWs/(kg K)]: Water heat capacity (=4180)

Governing equations
1. T^f_L = (T^f_in - T^f_out)/ln(T^f_in/T^f_out)
2. T^r_L = (T^r_in - T^r_out)/ln(T^r_in/T^r_out)
3. eta_L = T^f_L/(T^f_L - T^r_L)
4. eta_hp = eta_L * eta_s
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5. W = (1 - e^(- lambda * dt)) * Q_set/ eta_hp + e^(- lambda * dt)
*W
6. Q_f = eta_hp * W
7. Q_r = Q_f - W
8. T^f_out = T^f_in + Q_f / (C_p * mdot_f)
9. T^r_out = T^r_in - Q_r / (C_p * mdot_r)
Note: Bold variables are taken from the previous time step
Constitutive equations
Initial conditions

Boundary conditions

•

T^f_out = T^f_in

•

T^r_out = T^r_in

•

W=0

•

0 <= W <= W^max

Optional: graphical
representation
(schematic diagram, state
transition diagram, etc.)

Testing
Model Validation
Narrative

This simulation tests the functionality of the district booster by
characterizing operation with and without a setpoint, as well as
the expected behaviour under a change in input flow temperature.

Test system configuration

This simulation requires no other models and runs for 60 seconds.

Inputs and parameters

The heat pump model has parameters:
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•

eta_s = 0.5

•

eta_e = 0.7

•

lambda = 0.5

•

W_max = 30.0

•

P_0 = 0.3

•

dt = 0.1
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Changes to the initial conditions are:

Control function (optional)
Initial system state

Temporal resolution

•

at t = 10s, Q_set = 100.0 .

•

at t = 30s, T_f_in = 70ºC

•

T_f_in = 80ºC

•

T_r_in = 40ºC

•

mdot_f = mdot_r = 10

-

This simulation is run in steps of 0.1 seconds.

Evolution of system state

Forward and return temperatures.

Electrical power consumption and energy taken/delivered.
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Efficiency and mass flow rates.

Results

•

From t = 10s, Q_f rises to a value of 100.0 over the course of
5-10 seconds.

•

At t = 30s, Q_f spikes to approximately 130 before settling
back to 100 at a lower P_e.

•

Given a change in system state, the setpoint controller
equilibrates in approximately 5 seconds.

The complete time series is attached as data set
(DHP_Validation.csv in data file DTU_District-boosterheater_data.zip). The steady-state variables are recounted in the
following:
At t=20s, in steady state after the control action at t=10s, the
following outputs are reached:
•

Q_r = 78.07 kW

•

T_f_out = 82.4 ºC

•

T_r_out = 38.1ºC

•

P_e = 30.9 kW

•

eta_hp = 4.65

At t=60s, in the steady state after the control action at t=30s, the
following outputs are reached:
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•

Q_r = 83.7kW

•

T_f_out = 72.4 ºC

•

T_r_out = 38.0ºC

•

P_e = 23.5 kW

•

eta_hp = 6.15
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Sensitivity analysis
Narrative

The heat pump is exposed to the same conditions as previously,
but now faces uncertainty on the incoming forward temperature.
The test is repeated for several design parameters of the heat
pump, with results given for each parameter set.

Test system configuration

The heat pump’s technical parameters are for each parameter
selected independently from the following sets:

Source of uncertainty

•

eta_s = [0.3, 0.5, 0.7]

•

eta_e = [0.5, 0.6, 0.7]

•

lambda = [0.2, 0.5, 2.0]

•

W_max = [10.0, 20.0, 30.0]

•

P_0 = [0.3, 2.0, 10.0]

The input temperature in the forward pipe is varied by a normal
distribution with a given standard deviation sigma, with a new
valued used every second.
For each technical parameter set, the standard deviation is
sampled uniformly independently from the following set:
•

Inputs and parameters

sigma = [0.1, 0.5, 3.0]

As in Model Validation, including variation of the forward input
temperature:
•

before t = 30s, T_f_in = 80ºC + variation

•

after t = 30s, T_f_in = 70ºC + variation

•

further, dt = 1.0s

Control function (optional)

-

Initial system state

As in Model Validation

Temporal resolution

As in Model Validation

Evolution of system state

As in Model Validation

Results

For each parameter set, 50 scenarios of random draws over the
uncertain temperature were made.
Each result is given as an ensemble mean and standard deviation,
based on median values over the 11-second period up to second
29 and 59, i.e., the values given represent the steady state of the
system after the control action.
This data is available in the attached dataset (DHP_Sensitivity.csv
in data file DTU_District-booster-heater_data.zip).
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Model harmonization
Narrative

The heat pump is put into operation over 24 hours, with forward
temperature, mass flow rate and Q setpoint varying smoothly over
the day.
This is intended to emulate loads which the heat pump would face
in operation.

Test system configuration

As in Model Validation, except the model now runs for 24 hours.

Inputs and parameters

The following inputs are varied linearly from the lower number
given to the higher number in the following way:
The input is kept at the lower value for six hours, then rises linearly
to the higher value over six hours, is then kept at the higher value
for six hours, and then falls linearly to the lower value over six
hours. This is repeated as necessary.
For each parameter range, the time for which the first increase
from low to high value occurs is given.
The parameter ranges used are:
•

Q_set in [30, 200], first increase at 03:00

•

T_f_in in [60, 80], first increase at 06:00

•

mdot_f in [4, 12], first increase at 12:00

•

mdot_r in [4, 12], first increase at 12:00

Note, that mdot_f and mdot_r start at the higher value given.
Control function (optional)
Initial system state

•

Q_set = 30

•

T_f_in = 60ºC

•

T_r_in = 40ºC

•

mdot_r = 12

•

mdot_f = 12

Temporal resolution

In this test, the state of the system is sampled every minute, while
the system is simulated at a time resolution of 1s.

Evolution of system state

The following graphs show the evolution of the system state under
the procedure defined above.
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Efficiency and mass flow rates.

Electrical power consumption and energy taken/delivered.

At approx. 11:00 the heat pump becomes limited by pumping
power, and the delivered energy deviates from the setpoint.

Forward and return temperatures.
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Results

We here report the total energy consumption and energy
delivered over the 24 hours:
•

Total Q_f = 2550 kWh

•

Total Q_r = 2156 kWh

•

Total P_e = 570 kWh

In addition, these are means over the parameter for the day:
•

eta_hp = 7.28

•

T_f_out = 74.6ºC

•

T_r_out = 36.1ºC

The ranges of values encountered over the day are:
•

T_f_out in [60.6ºC, 90.2ºC]

•

T_r_out in [36.1ºC, 39.5ºC]

•

P_e in [5.24 kW, 43.15 kW]

In addition, a full trace of the system behaviour is provided, traced
every minute over the 24-hour period (DHP_Harmonization.csv in
data file DTU_District-booster-heater_data.zip).

Additional Information
Reference implementation

-

Similar / related models

-

Related publications

[1] P.A. Østergaard, A. N. Andersen: Booster heat pumps and central
heat
pumps
in
district
heating
(2016)
Doi:
10.1016/j.apenergy.2016.02.144

Intellectual property concerns
(if applicable)

-

B.2 Battery
About
Model name

NHN Battery

Author / organization

Oliver Gehrke / DTU Elektro

Short description

Stationary lithium-ion battery unit.

Present use / development
status

-
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Classification
Domain

☒

electrical storage

☐

thermal storage

☐

energy conversion device

☐

other, please specify:

Intended application
The model primarily aims at reproducing the operational
(including scale and resolution) constraints imposed by the integrated battery management system
while the electrochemical processes are simplified and not
modelled in detail (“leaky bucket with linear degradation”). Typical
time resolutions are in the order of seconds.
Modelling of spatial aspects

Model dynamics

Model of computation

Functional representation

☒

lumped (single device)

☐

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

☐

static

☒

quasi-static

☐

dynamic

☐

other, please specify:

☒

time-continuous

☐

discrete-event

☐

state machine

☐

other, please specify:

☒

explicit

☐

implicit

☐

other, please specify:

Mathematical Model
Input variables
(name, type, unit, description)
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•

P_set [kW]: Requested discharge rate (negative
values=battery is requested to charge) of the entire unit,
measured at AC terminals

•

Q_set [kVAr]: Requested reactive power production (negative
values=requested consumption) of the entire unit, measured
at AC terminals
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Output variables
(name, type, unit, description)

Parameters
(name, type, unit, description)

Internal variables
(name, type, unit, description)

Internal constants
(name, type, unit, description)
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•

P_inst [kW]: Instantaneous power production/discharge
(negative values=power consumption/charge) of the entire
unit, measured at AC terminals

•

Q_inst [kVAr]: Instantaneous reactive power production
(negative values=power consumption) of the entire unit,
measured at AC terminals

•

SOC [%]: State of charge of the entire battery unit

•

Cap_r [kWh]: Rated (initial) capacity of the unused battery
unit

•

S_r [kVA]: Rated apparent power of the unit (assumed to
correspond to the inverter current limit)

•

P_r [kW]: Rated active power of the unit (all quadrants)

•

Q_r [kVAr]: Rated reactive power of the unit (all quadrants)

•

init_age [cycles]: Initial cycle age of the battery, in full cycle
equivalents

•

init_SOC [%]: Initial state of charge of the entire battery unit

•

eta_chg [p.u.]: Charging efficiency, i.e. energy stored after
lumped inverter and electrochemical losses

•

eta_dis [p.u.]: Discharging efficiency, i.e. energy available at
AC terminals after lumped electrochemical and inverter
losses

•

k_age [p.u]: Capacity degradation (as a fraction of rated
capacity) per full cycle. Degradation is assumed to be linear,
i.e every full cycle reduces the available capacity by k_age.

•

rem_cap [kWh]: Remaining capacity of the battery unit, i.e.
rated capacity minus ageing

•

inst_age [cycles]: Instantaneous cycle age of the battery, in
full cycle equivalents

•

E_st [kWh]: Usable energy stored in the battery. “Usable”
refers to the energy stored above SOC=0 (i.e. the safe
discharge threshold of the battery) such that SOC=1
corresponds to E_st=rem_cap.

•

P_eff [kW]: electrochemical charge/discharge power (effect
of P_inst on battery energy content after losses)

•

P_max_chg [kW]: Maximum charge rate allowed by BMS at
current operating point

•

P_max_dis [kW]: Maximum discharge rate allowed by BMS at
current operating point

•

dt [s]: Simulation time step (default=10s)
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Model equations

Governing equations
P_max_chg = f(P_r,SOC)
2. P_max_dis = f(P_r,SOC)
3. P_inst = { P_set<0: max(P_set,-P_max_chg,-P_r)
1.

P_set>=0: min(P_set,P_max_dis,P_r) }
4.

Q_inst = { Q_set<0: max(-Q_r,Q_set,-sqrt(S_r²-P_inst²))
Q_set>=0: min(Q_r,Q_set,sqrt(S_r²-P_inst²)) }

5. P_eff = { P_inst<0: P_inst*eta_chg
P_inst>=0: P_inst/eta_dis }
E_st = E_st-dt/3600*P_eff
7. SOC = E_st/rem_cap | 0>=SOC>=100%
8. inst_age = inst_age+max(0,-(dt/3600*P_eff/rem_cap))
6.

9. rem_cap = Cap_r*(1-inst_age*k_age)
Note:
•

Bold variables are taken from the previous time step

•

maximum rates obtained from ext. control function

Constitutive equations
Initial conditions

Boundary conditions

•

SOC=init_SOC

•

inst_age=init_age

•

rem_cap=Cap_r*(1-init_age*k_age)

•

E_st=rem_cap*init_SOC

-

Testing
Model Validation
Narrative

This test can be used to validate the stationary battery model by
testing for correct response under different active and reactive
power limiting conditions, i.e., with the charging or discharging
power limited by the maximum inverter current or high SOC
derating. The test covers the following elements of the model:
•
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•

charge and discharge efficiency
charge derating at high SOC (provided by external control
function)

•

current limit of inverter
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Test system configuration

Only the simulation model and the BMS controller are required to
perform the simulation, i.e. there is no necessity to interact with
other models. The test starts at zero POSIX epoch time (=00:00:00
UTC, Jan 1st, 1970) and will run for 24h of simulation time (86400
seconds).

Inputs and parameters

Inputs:
•

a timeseries of active and reactive power setpoints
(NHN_ts_pqset.csv in data file DTU_Battery_data.zip). The
two columns map to the P_set and Q_set model inputs.

Parameters:

Control function (optional)

Initial system state

•

Cap_r=400kWh

•

S_r=175kVA

•

P_r=150kW

•

Q_r=120kVAr

•

init_SOC=50%

•

init_age=2

•

eta_chg=0.95

•

eta_dis=0.95

•

k_age=0.1 (this is an extremely high value but useful for
evaluating the ageing mechanism)

The SOC derating of the battery BMS is defined by the control
function provided in the attached file DTU_Battery_BMS.pdf.
•

SOC=init_SOC

•

inst_age=init_age

•

rem_cap=Cap_r*(1-init_age*k_age)

•

E_st=Cap_r*init_SOC

•

P_inst=0

•

Q_inst=0

•

P_eff=0

Temporal resolution

The test is run at a constant timestep of 10s.

Evolution of system state

The plot below shows active and reactive setpoint patterns with
different characteristics being applied to the battery. Some of
these setpoints exceed the rated capability of the battery. The
power drawn at the battery's point of common coupling is a
function of power limitations imposed by the battery capability
(static), the inverter current limit (dynamic) and limitations
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imposed by the BMS (dynamic) in certain SOC ranges. The
sequence shown below covers the full spectrum of causes for
charging power limitations (for a full discussion, see the "Results"
section).

Results
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The battery validation test moves the battery through the
following operating regimes:
•

Between t=5000 and t=20000, a discharge setpoint is applied
to the battery. For the entire duration, the setpoint
(P=200kW) exceeds the power rating of the battery
(P=150kW). Until SOC drops to 10% near t=8000, the battery
limits discharge to its power rating. After this point, the BMS
progressively lowers the discharge limit below the rated
power in order to prevent cell undervoltages. This causes the
discharge process to gradually slow and eventually reach the
steady state of P=0 at SOC=0%. Battery ageing is not affected
in this period (ageing is modeled to only happen during the
charging process).

•

Between t=0 and t=10000, a reactive power setpoint of Q=125kVAr is applied to the battery. The unit follows this
setpoint most of the time, except for a period between
t=5000 and t=8000, where the full discharge operation of the
battery causes the reactive power output to be reduced by
the inverter's current limiter.

•

Between t=40000 and t=65000, a charge/ discharge/charge
setpoint pattern is applied. All setpoints are below the rated
power; therefore, the power at the terminals follows the
setpoint, except in the period from around t=58000 where a
high SOC causes the BMS to limit the charging power in order
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to prevent cell overvoltages. This causes the charging
process to gradually slow and eventually reach the steady
state of P=0 at SOC=100%. The battery ages by 0.42 and 0.87
full cycle equivalents during the two charging cycles.
•

Between t=50000 and t=70000, a reactive power setpoint is
applied to the battery. For the entire duration, the setpoint
(q=150kVAr) exceeds the reactive power rating of the
battery (P=120kVAr). For the entire period, the battery
inverter limits reactive power output to the reactive power
rating. The inverter's current limiter is not reached at any
point.

The full dataset required to reproduce the above graph is attached
(see TestNHNBatt_validation_data.csv in data file DTU_Battery_
data.zip).

Model harmonization
Narrative

The battery model generally works at lower time resolutions;
however, the achievable precision depends on the relationship
between the chosen timestep and the duration of the
charge/discharge patterns applied to the battery, as well as the
length of the entire simulation period. The latter is particularly
critical because errors in energy content and battery degradation
may accumulate over time.

Test system configuration

As in Model Validation

Inputs and parameters

The dataset used is the same as in Model Validation; however, P
and Q setpoints correspond to the mean of all setpoint values
since the previous timestamp (boxcar average):
P_set(t)'= ∑𝑇t>T−dt P_set(t)
where T is the current timestamp and dt is the timestep length.

Control function (optional)

As in Model Validation

Initial system state

As in Model Validation

Temporal resolution

The test is run at a constant timestep of 1h.

Evolution of system state

Since the test uses the same testing pattern as the validation test,
it exhibits the same phenomena, albeit at less detail. The main
focus at this lower time resolution (and potentially even lower
resolutions) should be on comparing the medium and long-term
indicators of battery performance over a more than one cycle:
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Energy content (related to the state of charge) and battery
degradation (related to cycle age).

Results

•

At a one-hour time resolution, the state of charge (SOC)
reaches 100% within the timestep ranging from 57600s to
61200s. When simulated at 10s, the SOC at 61200s is
98.99%, and an (almost) full battery (SOC=99.96%) is
reached at t=65000, when the charging setpoint is set to
zero. This shows one of the sources of error caused by lower
time resolution: At t=57600s, SOC is at 77%, below the
threshold at which the battery BMS applies rate limiting due
to high SOC. At the next timestep, the battery is already full
- i.e. the entire rate limiting mechanism "falls through the
cracks" and is masked by available time resolution. In a
scenario with frequent setpoint changes, this deviation may
accumulate to a large error in final SOC over time.

•

The cycle age (corresponding to the integral over all energy
moved into the battery) is 3.27 at the end of the 24-hour
period at one-hour resolution, compared to 3.29 when
simulated at a resolution of ten seconds. This deviation is a
good indicator of long-term precision.

The full dataset required to reproduce the above graph is attached
(see TestNHNBatt_harmonization_data.csv in data file DTU_
Battery_data.zip).

SmILES deliverable D4.1

54

SmILES – 730936
D4.1
Smart Integration of Energy Storages in Local Multi Energy Systems for Maximising the Share of Renewables in Europe’s Energy Mix

B.3 Charging post and electric vehicle
About
Model name

NHN Charging post and electric vehicle

Author / organization

Oliver Gehrke / DTU Elektro

Short description

Lumped model of an AC charging post (Electric Vehicle Supply
Equipment / EVSE) and the (changing) electrical vehicles connected
to it.

Present use / development
status

-

Classification
Domain

Modelling of spatial aspects

Model dynamics

Model of computation

Functional representation
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☐

electrical storage

☐

thermal storage

☒

energy conversion device

☐

other, please specify:

☒

lumped (single device)

☐

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

☐

static

☒

quasi-static

☐

dynamic

☐

other, please specify:

☒

time-continuous

☐

discrete-event

☒

state machine

☐

other, please specify:

☒

explicit

☐

implicit

☐

other, please specify:

55

SmILES – 730936
D4.1
Smart Integration of Energy Storages in Local Multi Energy Systems for Maximising the Share of Renewables in Europe’s Energy Mix

Mathematical Model
Input variables
(name, type, unit, description)

Output variables
(name, type, unit, description)

•

P_lim_ext [kW]: Charging limit requested by the power system
(No limit=Double.POSINF or any other number >=P_r)

•

t1 [s]: Timestamp of vehicle being plugged into EVSE

•

t2 [s]: Timestamp of vehicle being unplugged from EVSE

•

cap [kWh]: Battery capacity of plugged vehicle

•

P_max_car [kW]: Maximum charging power of the plugged
vehicle

•

init_SOC [%]: State of charge of plugged vehicle at t=t1

•

P_inst [kW]: Instantaneous active power drawn at EVSE AC
terminals

•

EVSE_state [-]: Operating state of the EVSE, mapped from
IEC61851-1 vehicle state:
-

[0] = No vehicle (61851-1 state A)

-

[1] = Vehicle present and not charging (61851-1 state B)

-

[2] = Vehicle present and charging (61851-1 states C and
D)

Parameters
(name, type, unit, description)

•

P_r [kW]: Rated active power of the charging post

Internal variables
(name, type, unit, description)

•

P_lim_car [kW]: Maximum charging power allowed by vehicle
and BMS for the current battery SOC

•

P_lim_int [kW]: Maximum charging power allowed by the
EVSE at the current moment

•

SOC [%]: State of charge of the vehicle battery

•

T_chgstart [s]: Time between EVSE detection and charging
start (default=30 s)

•

P_lim_full [p.u.]: Maximum permitted charging power at full
battery (BMS derating), relative to P_max_car (default=0.4)

•

CC_lim [%]: State of charge at which the switch from CC to CV
charging will occur (BMS derating) (default=85%)

•

dt [s]: Simulation time step (default=10s)

Internal constants
(name, type, unit, description)

Model equations

Governing equations
1. SOC = { t<t1: 0,
t1<=t<(t1+dt): init_SOC,
(t1+dt)<=t<t2: SOC+100*((dt/3600)*P_inst)/cap,
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t>=t2: 0 }
2. EVSE_state = { t<t1: [0],
t1<=t<(t1+T_chgstart): [1],
(t1+T_chgstart)<=t<t2 && SOC<1: [2],
(t1+T_chgstart)<=t<t2 && SOC>=1: [1],
t>=t2: [0] }
3. P_lim_car = { SOC<CC_lim: P_max_car,
SOC>=CC_lim: P_max_car*(1-(1-P_lim_full)*
((SOC-CC_lim)/(1-CC_lim))) }
4. P_lim_int = { EVSE_state==0 || EVSE_state==1: 0,
EVSE_state==2: min(P_r,P_lim_car) }
5. P_inst = min(P_lim_int,P_lim_ext)
Constitutive equations
Initial conditions

Boundary conditions

•

EVSE_state=0

•

P_lim_car=0

•

P_lim_int=0

•

SOC=0

•

P_inst=0

-

Testing
Model Validation
Narrative
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This test can be used to validate the electric vehicle/charging
station model by testing for correct response under different
power limiting conditions, i.e. with the charging power limited by
the vehicle capability, the EVSE capability, high SOC derating and
an external limit set by e.g. a grid operator. The test covers the
following elements of the model:
•

the response of the EVSE state machine to vehicle plugging
and unplugging events

•

charging power negotiation between vehicle and EVSE

•

the response to an external power limiting signal

•

charge derating by the BMS
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Test system configuration

The test can be performed with the simulation model as a
standalone entity, i.e. without other models or a controller. All
responses of the model are triggered by the vehicle operation data
supplied as input. The test starts at zero POSIX epoch time
(=00:00:00 UTC, Jan 1st, 1970) and will run for 24h of simulation
time (86400 seconds).

Inputs and parameters

Inputs:
•

•

a set of vehicle connection/disconnection data (see
NHN_ts_charging.csv in data file DTU_Charging-post-andelectric-vehicle_data.zip); data fields are mapped to
model inputs as follows:
-

arrivaltime  t1

-

departuretime  t2

-

initialsoc  SOC

-

battcap  cap

-

maxrate  P_max_car
a timeseries of external power limits (see
NHN_ts_chglimit.csv in data file DTU_Charging-post-andelectric-vehicle_data.zip); the only column maps to the
P_lim_ext model input

Parameters:
•

P_r = 22kW (corresponding to 3-ph, 32A AC charging)

•

for all other parameters, the defaults have been chosen

Control function (optional)

-

Initial system state

In the initial state, no vehicle is connected to the EVSE.
•

EVSE_state = 0

•

P_lim_int = 0

•

P_lim_car = 0

•

SOC = 0

•

P_inst = 0

Temporal resolution

The test is run at a constant timestep of 10s. Events (vehicle
connection and disconnection) are handled at the next upcoming
timestep (i.e. without delay if the event time falls directly on a
timestep).

Evolution of system state

The plot below shows three cars with different characteristics
connecting to the EVSE. Their charging process partially overlaps
with external power limitations being imposed. The power drawn
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at the EVSE's point of common coupling is a function of power
limitations imposed by the vehicle capability (static), the vehicle's
BMS (dynamic), the EVSE capability (static) and external power
limits (dynamic). The sequence shown below covers the full
spectrum of causes for charging power limitations (for a full
discussion, see the "expected results" section).

Results
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The three vehicles which connect in the sequence shown above
demonstrate three different charging patterns:
•

The first vehicle connects at SOC=40%. Charging power is
limited by the vehicle to 3.3kW as part of the IEC61851
negotiation. The vehicle charges at a constant rate of 3.3kW
but does not reach a full battery before it is disconnected.

•

The second vehicle connects at SOC=70%. Both the vehicle
and the EVSE support a charging power of 22kW. From
SOC=85% on, the vehicle BMS progressively limits the
charging power in order to prevent cell overvoltages. The
battery eventually reaches 100% SOC (at a derated charging
power of 0.4*22kW) and the EVSE terminates the charging
process even though the vehicle remains connected for a
while.

•

The third vehicle connects at SOC=30%. While the vehicle is
able to charge at 44kW, the EVSE only supports 22kW. After
a while, the grid operator imposes a temporary power limit
of 5kW. Afterwards, the charging process resumes at 22kW.
Another grid-side limit of 15kW is imposed later. Upon
reaching 85% SOC, the vehicle BMS starts reducing the
charging power; however, since the reduction is relative to
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the vehicle's 44kW charging ability, it would not affect the
charging process before the BMS derating has reached the
EVSE's 22kW limit (at 97.5% SOC). In this case however, a
15kW grid limit is in effect which is more stringent than the
full BMS derating of 0.4*44kW=17.6kW at full SOC. Charging
therefore continues at a constant rate of 15kW until the
battery is full and the EVSE terminates the charging process.
The full dataset required to reproduce the above graph is attached
(TestNHNEVSE_model_validation.csv in data file DTU_Chargingpost-and-electric-vehicle_data.zip).

Model harmonization
Narrative

The EVSE/EV model generally works at lower time resolutions;
however, its usefulness depends on the length of the periods
during with EVs are connected. For public installations, these can
often be near or below 1h, which may result in entire charging
events remaining undetected (or only intersecting with one
timestamp which severely limits the achievable precision.

Test system configuration

As in Model Validation

Inputs and parameters

The dataset used is the same as in Model Validation. Events
(vehicle connection and disconnection) are handled at the next
upcoming timestep (i.e. without delay if the event time falls
directly on a timestep).

Control function (optional)

-

Initial system state

As in Model Validation

Temporal resolution

The test is run at a constant timestep of 1h.

Evolution of system state

Since the test uses the same testing pattern as the validation test,
it exhibits the same phenomena, albeit at less detail. All EV
connection events in the original test pattern are of a duration
>1h; therefore, no events are missed. The main focus at this lower
time resolution (and potentially even lower resolutions) should be
on comparing the energy delivered to each vehicle's battery (i.e.
the SOC delta between connection and disconnection time).

SmILES deliverable D4.1

60

SmILES – 730936
D4.1
Smart Integration of Energy Storages in Local Multi Energy Systems for Maximising the Share of Renewables in Europe’s Energy Mix

Results

The following SOC deltas can be read from the simulation data:
Timestep

10s

1h

Car #1

26.25

0

Car #2

30

30

Car #3

70

70

It can be seen that, while car #1 is charging from the second
connected timestep on, it is disconnected before the accumulated
energy charged during that timestep can have an impact on the
SOC of the battery. The model therefore only reflects (within the
limitations of the time resolution) the instantaneous grid impact
of the charging current, but not the energy stored in the vehicle
(or drawn from the grid) at the end of the charging process.
The SOC delta results match for cars #2 and #3; however, both of
these cars stay connected after reaching 100% SOC in the initial
simulation. Model deviations in charge speed can therefore not be
seen from the SOC delta alone.
Comparing the times at which SOC=100% is reached yields the
following:
Timestep

10s

1h

Car #2

23490

28800

Car #3

56340

61200

Both events show a significant difference in the time required to
reach full charge, of the order of 1.5 hours.
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The full dataset required to reproduce the above graph is attached
(TestNHNEVSE_model_harmonization.csv
in
data
file
DTU_Charging-post-and-electric-vehicle_data.zip).
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Appendix C: Model specifications for Collectopia (EDF & EIFER)
C.1 HeatPump
About
Model name

HeatPump

Author / organization

Matthildi Apostolou / EDF

Short description

A model of a heat pump, with a variable COP.

Present use / development
status

The model allows, by considering the 1st and 2nd thermodynamic
law, the sizing of the heat pump (compressor’s power installed) and
the optimisation of the temperature levels for the condenser and
evaporator at each time step.

Classification
Domain

☐

electrical storage

☐

thermal storage

☒

energy conversion device

☐

other, please specify:

Intended application
Intended to be used for optimisation processes. Temporal
(including scale and resolution) resolution depends on the component: can go up to an
hour/minute range.
Modelling of spatial aspects

Model dynamics

☒

lumped (single device)

☐

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

☐

static

☒

quasi-static

☐

dynamic

☐

other, please specify:

Thermal equilibrium is assumed at every time step.
Model of computation

☐

time-continuous

☐

discrete-event

☐

state machine

☐
other, please specify: to be used by an optimization
algorithm
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Functional representation

☐

explicit

☒

implicit

☐

other, please specify:

Mathematical Model
Input variables
(name, type, unit, description)

Output variables
(name, type, unit, description)

Parameters
(name, type, unit, description)

Model equations

•

Real Pdemand: thermal demand (kW)

•

Real Tdemand,in: input temperature of the demand (degC)

•

Real Tdemand,out: output temperature of the
demand (degC)

•

Real Psource,max: maximum power of the heat source (kW)

•

Real Tsource,in: input temperature of the source (degC)

•

Real Tsoure,out : output temperature of the source (degC)

•

Real Comp: compressor’s power (kW)

•

Real COP: coefficient of performance (-)

•

Real Cond: condenser’s power (kW)

•

Real Evap: evaporator’s power (kW)

•

Real Thin: Input temperature for the condenser (degC)

•

Real THout: Output temperature for the condenser (degC)

•

Real TCin: Input temperature for the evaporator (degC)

•

Real TCout: Output temperature for the evaporator (degC)

•

Real MH: Heat flow for the condenser (kW/K)

•

Real MC: Heat flow for the evaporator (kW/K)

•

Real Pinc: temperature pinch

•

Real RdtEx: heat pump’s exergetic efficiency

•

Real Comp,max: maximum power of the compressor (kW)

Governing equations
1. Cond = MH * (Thin – THout)
2. Evap = MC * (TCout – TCin)
3. Cond – Evap = Comp
4. COP = RdEx * THin / (THin – TCin)
5. COP = Cond / Comp
6. Verification of the temperature levels of the heat pump in
order to allow (or not) the heat exchange (see related
publication in section “Additional Information” below)
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Constitutive equations
Initial conditions

-

Boundary conditions

The system respects a number of constraints regarding its power
and temperature levels.

Testing
Model Validation
Narrative

Given a specific heating demand profile and a heating source
available at low temperature, this test allows the sizing of a heat
pump, in terms of COP and compressor’s power at every time step.
The objective function is the minimisation of the total exergy
consumed.

Test system configuration

Inputs and parameters

SmILES deliverable D4.1

•

optimisation period: 1 day (1-hour time step, 24 periods)

•

the evaporator and the condenser can operate between
20-100°C

•

Real Pdemand(t) (input file)

•

Real Tdemand,in = 60°C

•

Real Tdemand,out=80°C

•

Real Psource,max(t) (input file)

•

Real Tsource,in <= 25°C

•

Real Tsoure,out = 65°C

•

Real Comp,max = 200 kW

•

Real Pinc = 5
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•

Real RdtEx = 0.5

Pdemand(t) and Psource,max(t) are provided as time series in the
attached data file (HP_input.csv in data file EDF_HeatPump_
data.zip).
Control function (optional)

-

Initial system state

-

Temporal resolution

24 periods are investigated, considering a 1-hour step in order to
represent a day.

Evolution of system state

In this configuration, the heat pump (coupled with the low
temperature heating source) is the only technology that can
satisfy the demand. The condenser’s power must therefore be
equal to the demand at every time step. The evaporator’s and
compressor’s power depending on the COP (temperature levels
and power considered), are optimised accordingly.

Results

The compressor’s power at every time step.

The COP of the heat pump at every time step.

SmILES deliverable D4.1
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The resulting compressor’s power and COP are provided as time
series in the attached data file (HP_output.csv in data file
EDF_HeatPump_data.zip).

Model harmonization
Narrative

This analysis uses the same test setup as the one used for model
validation (see above).

Test system configuration

same as model validation setup

Inputs and parameters

same as model validation setup

Control function (optional)

same as model validation setup

Initial system state

same as model validation setup

Temporal resolution

same as model validation setup

Evolution of system state

same as model validation setup
•

Results

Real Elec = 498.511 kWh: total electrical energy consumed
within the 24 hours of optimisation time (integral of Comp)

Additional Information
Reference implementation

-

Similar / related models

-

Related publications

A Multi-Period MINLP Model for district heating networks design
considering production systems architecture optimization
https://hal-mines-paristech.archives-ouvertes.fr/hal-01562152

Intellectual property concerns
(if applicable)

-

C.2 2VolumeThermalStorage
About
Model name

2VolumeThermalStorage

Author / organization

Matthildi Apostolou / EDF

Short description

A simple model of a thermal storage tank with two layers (hot and
cold volume). The temperature of each layer is stable (not varying
during the study period), whereas the volume of each layer is
varying in order to meet the charging/ discharging requirements.

SmILES deliverable D4.1
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Present use / development
status

The model allows, by considering the energy conservation in each
layer, the sizing of the storage tank (in terms of total volume and
temperature level of each zone) and the optimisation of its
operation (charging/discharging). The model is therefore useful for
the sizing of this component at the design phase of the optimisation
of multi-energy systems.

Classification
Domain

☐

electrical storage

☒

thermal storage

☐

energy conversion device

☐

other, please specify:

Intended application
Intended to be used for optimisation processes. Temporal
(including scale and resolution) resolution depends on the component: for daily storage resolution
can go up to an hour/minute range; for seasonal storage
representative days have to be used.
Modelling of spatial aspects

☐

lumped (single device)

☒

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

For each of the two layers of the storage tank, mass and
temperature are considered homogeneous.
Model dynamics

☐

static

☒

quasi-static

☐

dynamic

☐

other, please specify:

Thermal equilibrium is assumed at every time step considered.
Model of computation

☐

time-continuous

☐

discrete-event

☐

state machine

☒
other, please specify: to be used by an optimization
algorithm
Functional representation
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☐

explicit

☒

implicit

☐

other, please specify:
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Mathematical Model
Input variables
(name, type, unit, description)

Output variables
(name, type, unit, description)

Parameters
(name, type, unit, description)

•

Real Pdemand: thermal demand (kW)

•

Real Tdemand,in: input temperature of the demand (degC)

•

Real Tdemand,out: output temperature of the
demand (degC)

•

Real Psource,max: maximum power of the heat source (kW)

•

Real Tsource,in: input temperature of the source (degC)

•

Real Tsoure,out: output temperature of the source (degC)

•

Real Vtot: total volume (m3)

•

Real Vup: Upper layer’s volume at every time step (m3)

•

Real Vdown: Lower layer’s volume at every time step (m3)

•

Real Vload: Volume of water corresponding in the exchange
during the loading phase (m3)

•

Real Vunload: Volume of water corresponding in the
exchange during the unloading phase (m3)

•

Real Tup: Upper layer’s temperature (degC)

•

Real Tdown: Lower layer’s temperature (degC)

•

Real MC: heat mass of the cold flow (corresponding to the
loading phase) (kW/K)

•

Real MH: heat mass of the hot flow (corresponding to the
unloading phase) (kW/K)

•

Real Vmax: maximum total volume (m3)

•

Real Vmin: minimum volume (m3)

•

Real Tmaxup: maximum temperature for upper layer (degC)

•

Real Tminup: minimum temperature for upper layer (degC)

•

Real Tmaxdown: maximum temperature for lower
layer (degC)

•

Real Tmindown: minimum temperature for lower
layer (degC)

Internal constants
(name, type, unit, description)

Real C0 = 4186 J/(kg⋅degC): thermal capacity of water

Model equations

Governing equations

Real ρ0 = 1000 kg/m3: density of water

1. Vtot = Vup + Vdown
2. Vup[t0] = Vup[t0+1] (same state of the storage at the
beginning and end of its cycle)
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3. Vup[t+1] = Vup[t] + Vload[t] - Vunload[t]
4. Vdown[t+1] = Vdown[t] - Vload[t] + Vunload[t]
5. MC* dur = Vload * ρ0 * C
6. MH* dur = Vunload * ρ0 * C
7. Vload*Vunload <= 0 (no simultaneous loading / unloading)
8. Verification of the temperature levels of the storage in order
to allow (or not) the loading/unloading (see related link in
section “Additional Information” below)
9. Power and energy exchanges can be calculated from the
product of mass (calculated via the density and the volume of
the water) and the temperature levels.
Constitutive equations
10. C = C0
Initial conditions
Boundary conditions

•

Vtot <= Vmax

•

Vup >= Vmin

•

Vdown >= Vmin

•

The system respects a number of constraints regarding its
charging/discharging phase and temperature levels (see
related link in section “Additional Information” below).

Optional: graphical
representation
(schematic diagram, state
transition diagram, etc.)

Testing
Model Validation
Narrative

SmILES deliverable D4.1

Given a specific heat demand profile, this test allows the sizing of
a storage tank when coupled with a production unit.
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Temperatures are fixed for both sides in order to allow the
simulation models that do not account for the temperature level
match to run the optimisation.
The objective function is the minimisation of the total exergy
consumed. The production unit and the storage tank can be used
to satisfy the demand.
Test system configuration

Inputs and parameters

•

requires models for the production units, the demand and
the network

•

optimisation period: 1 day (1-hour time step, 24 periods)

•

Real Pdemand(t) (input data file)

•

Real Tdemand,in = 45°C

•

Real Tdemand,out=65°C

•

Real Psource,max(t) (input data file)

•

Real Tsource,in = 80°C

•

Real Tsoure,out = 75°C

•

Real Vmax = 1000 m3

•

Real Vmin = 0

•

Real Tup = 70°C

•

Real Tdown = 50°C

•

Real Pinc = 5

Pdemand(t) and Psource,max(t) are provided as time series in the
attached data file (Storage_input.csv in data file EDF_
2VolumeThermalStorage_data.zip).
Control function (optional)

-

Initial system state

The initial state of the system is an output of the optimization.
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Temporal resolution

24 periods are investigated, considering a 1-hour step in order to
represent a day

Evolution of system state

In this configuration, the production unit and the storage tank are
the two elements to be sized in order to satisfy the demand. The
total power produced by the production unit is therefore equal to
the total energy demand.
The total volume of the storage tank is obtained accordingly, in
order to store the energy when available and discharge it when
needed. The initial state of the storage must be equal to its final
state for the optimisation’s time horizon, in order to ensure that
no extra energy is supplied to the system.
The optimal volume implies that the storage tank is emptied and
fully charged at least once during the time horizon given.

Results

•

Total storage volume: 4.714 m3

Volume of the storage tank during the charging and discharging phases.

The results are provided as time series in the attached data file
(Storage_output.csv in data file EDF_2VolumeThermalStorage
_data.zip).

Model harmonization
Narrative

This analysis uses the same test setup as the one used for model
validation (see above).

Test system configuration

same as model validation setup

Inputs and parameters

same as model validation setup

Control function (optional)

same as model validation setup

Initial system state

same as model validation setup

Temporal resolution

same as model validation setup
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Evolution of system state

same as model validation setup

Results

•

Real EnergyCharg = 135.03 kWh: total energy stored within
the 24 hours of optimisation time (integral of Pcharging)

Additional Information
Reference implementation

-

Similar / related models

-

Related publications

https://hal.archives-ouvertes.fr/hal-01860447

Intellectual property concerns
(if applicable)

-

C.3 Conversion/storage process
About
Model name

Conversion/storage process
(Gas CHP/Gas boiler/Heat pump/Heat storage)

Author / organization

S.Seidelt, D.Fehrenbach / EIFER

Short description

A process describes a physical element transforming one (or more)
commodities into one (or more) other commodities.
•

incoming commodity flow(s): gas/heat/electricity

•

outgoing commodity flow(s): heat/electricity

Can be used as:

Present use / development
status

SmILES deliverable D4.1

•

gas boiler: Gas  heat

•

gas CHP: Gas  heat & electricity

•

heat pump: heat & electricity  heat

•

heat storage: heat  heat

As a “component model”, a process in ETEEM provides the costs
related to commodity transformation process under the given
constraints (e.g. capacity constraints, demand needs, CO2
limitations).
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Classification
Domain

☐

electrical storage

☒

thermal storage

☒

energy conversion device

☐

other, please specify:

Intended application
The models are used for the optimization of the overall energy
(including scale and resolution) system costs. Each model is part of the available technology
portfolio within the system; those heat and electricity demand is
provided by the technology portfolio (and under additional
boundary conditions).
The lowest possible time resolution is one hour, but daily, monthly
or yearly resolution is also often used. The scale is on the district
level.
Modelling of spatial aspects

Model dynamics

☒

lumped (single device)

☐

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

☒

static

☐

quasi-static

☐

dynamic

☐

other, please specify:

The model outputs are assumed to be constant within one hour, but
changes during a day/month/year.
Model of computation

☐

time-continuous

☐

discrete-event

☐

state machine

☒
other, please specify: to be used by an optimization
algorithm
Hourly steps of pivot years over a long-term planning horizon (for
ex. 20-40 years)
Functional representation
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explicit

☐

implicit

☐

other, please specify:
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The component model representation itself is explicit, whereas its
usage in the overall optimization model is implicit (function of
electricity, heat, CO2 emission, costs)

Mathematical Model
Input variables
(name, type, unit, description)

Output variables
(name, type, unit, description)

Parameters
(name, type, unit, description)
Internal constants
(name, type, unit, description)

Model equations

•

Real VarICAPY,P: invested capacity at period Y of a process P
[MW]

•

Real VarCOMY,S: amount of commodity C produced/consumed
by the process P at the time slice S of the period Y [MWh]

•

Real FOPEX: fixed operational expenditures [€/(MW*a)]

•

Real VOPEX: Variable operational expenditures [€/MWh]

•

Real CAPEX: capital expenditure [€/MWp]

•

Real IMPEX: Import/Export costs of a commodity

•

Real Lifespan: Technical Lifetime [y]

•

Real 𝛿: discount rate [%]

•

Real VarCostC,Y,S,P: cost of commodity C produced/consumed
by the process P at the time slice S of the period Y [M€]

•

Real Totalcosts: total costs of the overall system [M€]

•

Real EffFLOP,C: efficiency of Process P for Commodity C [%]

Indices:
•

Y: year

•

S: time slice

•

P: process

•

C: commodity

Governing equations
𝑇𝑜𝑡𝑎𝑙𝑐𝑜𝑠𝑡𝑠
=∑
𝑌

1
1
. ∑ 𝑉𝑎𝑟𝐶𝑜𝑠𝑡𝑌,𝑆,𝑃,𝐶 ∑
. [∑(𝐶𝐴𝑃𝐸𝑋𝑌,𝑃
(1 + 𝛿)𝑛𝑏𝑌
(1 + 𝛿)𝑛𝑏𝑌
𝑌,𝑆,𝑃,𝐶

𝑌

𝑃

+ 𝐹𝑂𝑃𝐸𝑋𝑌,𝑃 ) + ∑ ∑(𝐼𝑀𝑃𝐸𝑋𝑃𝑌,𝐶,𝑆 + ∑ 𝑉𝑂𝑃𝐸𝑋𝑌,𝐶,𝑆,𝑃 )]
𝐶

𝑠

𝑃

Constitutive equations
∑
𝐶∈𝑓𝑙𝑜𝑤𝑜𝑢𝑡𝑃,𝐶

Initial conditions
Boundary conditions
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𝑉𝑎𝑟𝐶𝑂𝑀𝑌,𝑆,𝑃,𝐶 =

∑

𝐸𝑓𝑓𝐹𝐿𝑂𝑃,𝐶 ∗ 𝑉𝑎𝑟𝐶𝑂𝑀𝑌,𝑆,𝑃,𝐶

𝐶∈𝑓𝑙𝑜𝑤𝑖𝑛𝑃,𝐶

•

commodity balance (demand satisfaction) equation
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𝑉𝑎𝑟𝐼𝑀𝑃𝑌,𝑆,𝐶 + ∑ 𝑉𝑎𝑟𝐶𝑂𝑀𝑌,𝑆,𝑃,𝐶
𝑃∈𝑃𝑟𝑜𝑑

= 𝑉𝑎𝑟𝐸𝑋𝑃𝑌,𝑆,𝐶 + ∑ 𝑉𝑎𝑟𝐶𝑂𝑀𝑌,𝑆,𝑃,𝐶
𝑃∈𝐶𝑜𝑛𝑠

•

storage balance (evolution between two time slices; aquifer
assumed to be unlimited capacity)

𝑉𝑎𝑟𝐿𝑉𝐿𝑌,𝑆,𝐶𝑠 +

∑

𝑉𝑎𝑟𝐶𝑂𝑀𝑌,𝑆,𝑃,𝐶𝑠

𝑃
𝑃𝜖𝑃𝑅𝑂𝐷𝐶𝑠,𝑃

−

∑

𝑉𝑎𝑟𝐶𝑂𝑀𝑌,𝑆,𝑃,𝐶𝑠 = 𝑉𝑎𝑟𝐿𝑉𝐿𝑌,𝑆+1,𝐶𝑠

𝑃
𝑃𝜖𝐶𝑂𝑁𝑆𝐶𝑠,𝑃

•

capacity utilisation equation
𝑌

∑ 𝑉𝑎𝑟𝐶𝑂𝑀𝑌,𝑆,𝑃,𝐶 ≤ ∑ 𝑉𝑎𝑟𝐼𝐶𝐴𝑃𝑦𝑒𝑎𝑟1,𝑃
𝐶𝑓𝑙𝑜𝑤

•
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depending on scenario: equations describing legislative / CO2
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Appendix D: Model specifications for FlexOffice (KIT)
D.1 Thermal building
About
Model name

Thermal building

Author / organization

Alexander Engelmann / KIT

Short description

State-space model of the thermal behaviour of KIT Flexoffice

Present use / development
status

prototype

Classification
Domain

☐

electrical storage

☒

thermal storage

☒

energy conversion device

☐

other, please specify:

Intended application
This model is intended for MPC-based predictions of temperature
(including scale and resolution) trajectories.
Modelling of spatial aspects

☒

lumped (single device)

☐

discretized (single device)

☒

averaged (multiple devices)

☐

other, please specify:

This model is a trade-off between model accuracy (which means
capturing the relevant effects in the thermal building behaviour)
and keeping the model computationally tractable for optimizationbased control via MPC. In order to do so, each story of the building
is modelled as a thermal zone with a unified air temperature.
Components made of concrete (i.e., walls and ceilings) are
modelled with their own thermal behaviour. Thus, the thermal
behaviour is aggregated on a story level and neglects thermal
effects within the individual stories.
For tractability, a linear RC-equivalent circuit is used, which is
common in the field of MPC for buildings, leading to a lumpedparameter model consisting of thermal resistances (R) and
capacitances (C).
Model dynamics
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☐

quasi-static

☒

dynamic

☐

other, please specify:

The model is based on first-principles for heat, diffusion, dissipation
and storage. All these effects are considered in a linear fashion.
Model of computation

☒

time-continuous

☐

discrete-event

☐

state machine

☐

other, please specify:

The model consists of linear ordinary differential equations (ODEs)
in state-space form. This continuous-time model is then converted
to a discrete-time either via exact discretization or by a numerical
integration scheme like Euler’s method or Runge-Kutta with
respective step size.
Functional representation

☒

explicit

☐

implicit

☐

other, please specify:

All algebraic equations (e.g., for the influence of the outdoor
temperature) are linear and therefore directly included to the statespace model. Nonlinear influences occurring for instance in the
solar irradiance are pre-processed. The resulting state-space model
depends only on the pre-processed inputs/disturbances, which
then enter the ODE linearly.

Mathematical Model
Input variables
(name, type, unit, description)

The model has two types of inputs: The first ones are the
controllable inputs collected in a vector-valued function 𝑢(𝑡), which
are used by a controller to steer the system aiming at a certain
system behaviour. These inputs are mainly thermal fluxes for
radiators and the concrete core activation system. The second type
of input variables are external, uncontrollable disturbances 𝑧(𝑡),
acting on the model (mainly weather influences)
The controller inputs are defined as
⊤

⊤

𝑢(𝑡) = [𝑞 𝑠 ⊤ 𝑞 𝑓 𝑞 𝑔 ⊤ ] (𝑡),
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𝑘
where 𝑞 𝑘 (𝑡) = [𝑞𝑐𝑐
𝑞𝑟𝑘 ]⊤ (𝑡) are the inputs for each floor 𝑘 ∈
{𝑠, 𝑓, 𝑔} (second floor, first floor and ground floor) with concrete𝑘
core influxes 𝑞𝑐𝑐
(𝑡) and radiator influxes 𝑞𝑟𝑘 (𝑡) both in Watt.

Additionally, the disturbance vector is defined as
⊤

𝑓
𝑔
𝑧(𝑡) = [𝑇𝑜 𝑇𝑔 𝑞𝑠𝑟 𝑞𝑠𝑤 𝑞𝑔𝑠 𝑞𝑔 𝑞𝑔 𝑞𝑔𝑏 ] (𝑡),

with 𝑇𝑜 (𝑡) is the outdoor temperature, 𝑇𝑔 (𝑡) is the ground
temperature both in Kelvin, 𝑞𝑠𝑟 (𝑡) and 𝑞𝑠𝑤 (𝑡) are the solar
irradiation acting on the roof and the walls respectively, 𝑞𝑔𝑠 (𝑡),
𝑓

𝑔

𝑞𝑔 (𝑡), 𝑞𝑔 (𝑡) and 𝑞𝑔𝑏 (𝑡) are internal gains modelling heat influxes
from occupation and electrical devices for each floor in Watt.
Output variables
(name, type, unit, description)

The outputs are identical to the system state 𝑥(𝑡), i.e.
𝑦(𝑡) = 𝐼 ⋅ 𝑥(𝑡),
where 𝐼 is the identity matrix. The state variables 𝑥(𝑡) are described
below.

Parameters
(name, type, unit, description)

The thermal capacitances 𝐶𝑖 for each component are given in 𝐽/𝐾,
the thermal resistances 𝑅𝑖 are given in (𝐾 ⋅ 𝑠)/𝐽 The input
parameters 𝐾𝑖 are given in 𝐾/𝐽.

Internal variables
(name, type, unit, description)

The internal (state) variables consist of the temperatures 𝑇𝑖 (𝑡) for
all elements (ambient temperatures, wall temperatures, ceiling
temperatures and temperature of the thermal heat buffer). More
specifically,
𝑥(𝑡) = [𝑇 𝑟 𝑇 𝑠 ⊤ 𝑇 𝑓
is

a

temperature

vector

⊤

⊤ ⊤

𝑇 𝑔 ⊤ 𝑇 𝑏 ] (𝑡)

for

each

floor

𝑇 𝑘 (𝑡) =

⊤

𝑘
𝑇𝑧𝑘 𝑇𝑤𝑘 𝑇𝑓𝑘 ] (𝑡) with floors 𝑘 ∈ {𝑠, 𝑓, 𝑔} as above, where
[𝑇𝑐𝑐
𝑘
𝑇𝑐𝑐
(𝑡) is the temperature of the concrete-core, 𝑇𝑧𝑘 (𝑡) is the zone air

temperature, 𝑇𝑤𝑘 (𝑡) is the wall temperature and 𝑇𝑏𝑘 (𝑡) is the
bottom temperature of the 𝑘-th floor. 𝑇 𝑟 denotes the roof
temperature. The basement temperature vector is defined as
⊤

𝑇 𝑏 (𝑡) = [𝑇𝑧𝑏 𝑇𝑤𝑏 𝑇𝑓𝑏 ] (𝑡) because no concrete core activation is
present.
Model equations

Governing equations
The linear state-space model is described as
𝑥̇ (𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡) + 𝐸𝑧(𝑡), 𝑥(0) = 𝑥0
with output equation
𝑦(𝑡) = 𝐶𝑥(𝑡).
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The entries of the matrices 𝐴, 𝐵, 𝐸 and 𝐶 are derived from first
principle models. These first principle models entail:
a) Modelling of the zones/wall/ceiling temperatures based on
the thermal storage equation
𝑇𝑖 (𝑡) =

𝑡
1
⋅ ∫ 𝑞𝑖 (𝜏) 𝑑𝜏, 𝑇𝑖 (0) = 𝑇𝑖,0 ,
𝐶𝑖 0

where 𝑇𝑖 is the temperature and 𝐶𝑖 is the thermal
capacity of the 𝑖-th zone/wall/ceiling.
b) Modelling of the 𝑖𝑗-th heat dissipation/convection between
element 𝑖 and 𝑗 as
𝑞𝑖𝑗 (𝑡) =

𝑇𝑖 (𝑡) − 𝑇𝑗 (𝑡)
.
𝑅𝑖𝑗

c) Enforcing energy balances as
∑𝑖 𝑞𝑖 (𝑡) = 0.
d) Deriving input equations as
𝑞𝑖 (𝑡) = 𝐾𝑖 𝑢𝑖 (𝑡),
where 𝑢𝑖 (𝑡) is the 𝑖-th input and 𝐾𝑖 is a given input parameter.
Constitutive equations
Derivations of the parameters 𝐶𝑖 , 𝑅𝑖 , and 𝐾𝑖 from material
properties are can for example be found in the following works and
references therein.
Hazyuk, I., Ghiaus, C., & Penhouet, D. (2012). Optimal temperature
control of intermittently heated buildings using Model Predictive
Control: Part I–Building modeling. Building and Environment, 51,
379-387.
Sturzenegger, D., Gyalistras, D., Semeraro, V., Morari, M., & Smith,
R. S. (2014, June). BRCM Matlab toolbox: Model generation for
model predictive building control. In American Control Conference
(ACC), 2014 (pp. 1063-1069). IEEE.
Oldewurtel, F., Parisio, A., Jones, C. N., Gyalistras, D., Gwerder, M.,
Stauch, V., ... Morari, M. (2012). Use of model predictive control
and weather forecasts for energy efficient building climate
control. Energy and Buildings, 45, 15-27.
Initial conditions

In the MPC-scheme, the initial condition is usually given by
measurements at the current sampling point. For forward
simulation, we set all temperatures to a value of 21°𝐶 here.

Boundary conditions

-
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Testing
Model Validation
Narrative

Generally, building model validation and identification is often
hard due to very limited amount of measurements in buildings and
the usually small temperature gradients. Nonetheless, this test
case provides simulation results for the model in order to enable
at least the possibility of a consistency check.

Test system configuration

The simulation runs the 4-floor building model for 2 weeks with
constant radiator powers of 13kW at the first and second floor and
a constant radiator power of 10kW at the third floor. The concretecore activation system is not used leading to zero inputs for the
respective components of 𝑢. This yields
𝑢(𝑡) = [0 10 0 13 0 13]⊤ 𝑘𝑊
for all 𝑡.
A sampling time of 1ℎ is used and an explicit Runge-Kutta 4/5
method to solve the ordinary differential equation.

Inputs and parameters

Time-varying external weather influences summarized in the
disturbance vector 𝑧(𝑡). A time series for 𝑧 is given as appendix to
this document (KIT_Thermal-building_data.zip). The derivation of
the system matrices 𝐴, 𝐵 and 𝐸 is based on the principles
mentioned above. The matrices 𝐴, 𝐵 and 𝐸 are given in the SmILES
data format.

Control function (optional)

-

Initial system state

All temperatures are initialized with 21°𝐶.

Temporal resolution

The sampling time is 1ℎ.

Evolution of system state

Due to the constant input, the zone temperatures are determined
by the disturbances consisting of the outdoor temperature, the
solar irradiation and occupancy only. The constant inputs for the
heat flux of the radiators are chosen in a way that the zone
temperatures stay in a temperature band 19 ± 2°𝐶. All
temperatures should start at 21°𝐶 and the basement zone
temperature should drop and reach 12°𝐶 after 12 days
approximately, because no heating system is present in the
basement.

Results

The evolution of the system states (trajectories) with respective
disturbances are shown in the figures below. The inputs are not
shown here, as they are constant over time.
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Model harmonization
Narrative

This test case assumes constant inputs (no control function).
Furthermore, it is assumed that all thermal energy comes from the
district heating system.
Because the inputs are constant here, the peak demand is simply
the sum of all inputs, i.e., p ̅ ≡ 36kW and the fluctuation in the
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energy demand v≡0 as. Hence, the test case focuses on the
comfort level.
Test system configuration

Same as for model validation.

Inputs and parameters

Same as for model validation.

Control function (optional)

-

Initial system state

Same as for model validation.

Temporal resolution

Same as for model validation.

Evolution of system state

Same as for model validation.

Results

The average comfort level over 𝑡̅ can be calculated as
1 𝑡+𝑡̅
𝑐𝑡̅ {(𝑡) = ∫
∑ (𝑇𝑧𝑖 (𝑡) − 𝑇 𝑑 )2 𝑑𝑡
𝑡̅ 𝑡
𝑖∈{𝑠,𝑓,𝑔}

with 𝑡̅ = 48ℎ and the desired temperature 𝑇 𝑑 = 20°𝐶. The
resulting comfort level for the above simulation over time is
shown below.

The comfort level for each time step individually (𝑐1ℎ (𝑡)) is
shown next.

SmILES deliverable D4.1

83

SmILES – 730936
D4.1
Smart Integration of Energy Storages in Local Multi Energy Systems for Maximising the Share of Renewables in Europe’s Energy Mix

The average comfort level over the whole simulation time is
𝑐14𝑑 = 14.52 𝐾 2. One can observe that the comfort level is highly
varying. Note that high values here mean a low comfort level,
because the temperature deviation from the desired temperature
is high.

Additional Information
Reference implementation

-

Similar / related models

Hazyuk, I., Ghiaus, C., & Penhouet, D. (2012). Optimal temperature
control of intermittently heated buildings using Model Predictive
Control: Part I–Building modeling. Building and Environment, 51,
379-387.
Sturzenegger, D., Gyalistras, D., Semeraro, V., Morari, M., & Smith,
R. S. (2014, June). BRCM Matlab toolbox: Model generation for
model predictive building control. In American Control Conference
(ACC), 2014 (pp. 1063-1069). IEEE.

Related publications

Oldewurtel, F., Parisio, A., Jones, C. N., Gyalistras, D., Gwerder, M.,
Stauch, V., ... Morari, M. (2012). Use of model predictive control
and weather forecasts for energy efficient building climate
control. Energy and Buildings, 45, 15-27.

Intellectual property concerns
(if applicable)

-
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Appendix E: Model specifications for SmartFab (KIT)
E.1 Battery
About
Model name

Battery

Author / organization

Zhichao Wu/KIT

Short description

An equivalent circuit model of a battery, including a sensor that
measures the power and voltage of the battery. The battery is
modelled as an equivalent circuit with OCV lookup table and four
impedances connected in series. Since one single battery as defined
in the model is usually not enough to provide the required power, a
pack typically consists of several identical batteries connected in
series.

Present use / development
status

This model is a simplified prototype of the battery system for model
validation and harmonization. The influence of SOH and
temperature will be integrated at a later time into the model.

Classification
Domain

☒

electrical storage

☐

thermal storage

☐

energy conversion device

☐

other, please specify:

Intended application
Intended to be used for testing of process simulations. The time
(including scale and resolution) resolution may range from seconds to hours. When the object is the
battery itself, the resolution should be in the seconds range. When
considering the integration of other components in the system, the
resolution can be up to hours.
Modelling of spatial aspects

☒

lumped (single device)

☐

discretized (single device)

☐

averaged (multiple devices)

☐

other, please specify:

The battery is considered as a single lumped component, which
provides a certain power or stores a defined amount of energy
according to supply and demand.
Model dynamics

SmILES deliverable D4.1

☐

static

85

SmILES – 730936
D4.1
Smart Integration of Energy Storages in Local Multi Energy Systems for Maximising the Share of Renewables in Europe’s Energy Mix

☐

quasi-static

☒

dynamic

☐

other, please specify:

The model is considered as dynamic equivalent circuit model in a
relatively short time resolution.
Model of computation

☒

time-continuous

☒

discrete-event

☐

state machine

☐

other, please specify:

Equations describing the state of the battery are time-continuous,
while the sensors measuring the real-time status are discrete eventbased.
Functional representation

☐

explicit

☒

implicit

☐

other, please specify:

The model is an equivalent circuit model including lookup tables.

Mathematical Model
Input variables
(name, type, unit, description)

•

Real 𝑃batt : Battery power setpoint, given by controller [kW]

Output variables
(name, type, unit, description)

•

Real 𝑆𝑂𝐶batt: State of Charge of the battery [%]

•

Real 𝑈batt : Output voltage of the battery [V]

Parameters
(name, type, unit, description)

•

Real 𝑁batt : Number of batteries in the pack [-]

•

Real 𝐶rated : Nominal capacity of the battery [Ah]

•

Real 𝜂charge : Battery charge efficiency [%]

•

Real 𝜂discharge : Battery discharge efficiency [%]

•

Real C1: Battery impedance Capacitor C1 [F]

•

Real C2: Battery impedance Capacitor C2 [F]

•

Real C3: Battery impedance Capacitor C3 [F]

•

Real R0: Battery impedance Resistor R0 [m]

•

Real R1: Battery impedance Resistor R1 [m]

•

Real R2: Battery impedance Resistor R2 [m]

•

Real R3: Battery impedance Resistor R3 [m]

•

Array SOC-OCV lookup table: 𝑂𝐶𝑉𝐿𝑇 (𝑆𝑂𝐶) [V]
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Internal variables
(name, type, unit, description)

•

Real 𝐼batt : Battery current [A]

•

Real 𝑈batt : Battery voltage [V]

•

Real 𝑈OCV : Battery open circuit voltage [V]

•

Real 𝑈R0 : Battery impedance R0 voltage [V]

•

Real 𝑈R1 : Battery impedance R1 voltage [V]

•

Real 𝑈R2 : Battery impedance R2 voltage [V]

•

Real 𝑈R3 : Battery impedance R3 voltage [V]

•

Real 𝑈C1 : Battery impedance C1 voltage [V]

•

Real 𝑈C2 : Battery impedance C2 voltage [V]

•

Real 𝑈C3 : Battery impedance C3 voltage [V]

•

Real 𝐼R0 : Battery impedance R0 current [A]

•

Real 𝐼R1 : Battery impedance R1 current [A]

•

Real 𝐼R2 : Battery impedance R2 current [A]

•

Real 𝐼R3 : Battery impedance R3 current [A]

•

Real 𝐼C1 : Battery impedance C1 current [A]

•

Real 𝐼C2 : Battery impedance C2 current [A]

•

Real 𝐼C3 : Battery impedance C3 current [A]

•

Real 𝐶batt : Real usable capacity of the battery [Ah]

•

Real 𝜂cap : Coefficient of the real capacity to nominal capacity
[-]

•

Real 𝜂charge/dis : Coefficient of charge and discharge [-]

Internal constants
(name, type, unit, description)

-

Model equations

Governing equations
𝑆𝑂𝐶batt = 𝑆𝑂𝐶0 − 100% ∙ ∫
𝜂charge/dis

𝐼batt ∙ 𝜂charge/dis
1ℎ
∙
𝑑𝑡
𝐶batt
3600𝑠

𝜂charge , 𝑃batt < 0
1
={
, 𝑃batt ≥ 0
𝜂discharge

𝑁batt ∙ 𝑈batt ∙ 𝐼batt = 𝑃batt ∙ 1000
𝑈batt = 𝑈OCV + 𝑈R0 + 𝑈R1 + 𝑈R2 + 𝑈R3
𝑈OCV = 𝑂𝐶𝑉LT (𝑆𝑂𝐶)
𝑈R𝑖 = 𝐼R𝑖 ∙ R𝑖,
𝑈C𝑖 = 𝑈R𝑖 ,

𝑖 = 0,1,2,3
𝑖 = 1,2,3

𝐼R0 = 𝐼batt = 𝐼R𝑖 + 𝐼C𝑖 ,

SmILES deliverable D4.1

𝑖 = 1,2,3

87

SmILES – 730936
D4.1
Smart Integration of Energy Storages in Local Multi Energy Systems for Maximising the Share of Renewables in Europe’s Energy Mix

𝐼C𝑖 = 𝐶𝑖 ∙

𝑑𝑈C𝑖
,
𝑑𝑡

𝜂cap =

𝑖 = 1,2,3
𝐶batt
𝐶rated

Constitutive equations
Initial conditions
Boundary conditions

•

state of charge: 𝑆𝑂𝐶batt should be between 0% - 100%

•

Power setpoint limit: −4𝑘𝑊 ≤ 𝑃batt ≤ 4𝑘𝑊

Optional: graphical
representation
(schematic diagram, state
transition diagram, etc.)

Testing
Model Validation
Narrative

The system is simulated with a given power setpoint profile, to test
the charging and discharging process. In reality, the battery is
connected with a battery controller to set this setpoint.

Test system configuration

Battery
SOC

SOCbatt

Battery
Controller

Pbatt

Battery

Ubatt
Battery
voltage
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Total simulation time: 100000 seconds

•

The model is connected to a battery controller. The
controller signal is provided as time series, see attached
dataset (see Batter_power.csv in data file KIT_Battery_
data.zip).
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Inputs and parameters

•

𝑃batt is the power set by the battery controller. It is given as
attached in the datasets. The unit is kW.

•

Number of batteries in series 𝑁batt = 25. For each battery
in the series, ther power is:
𝑃batt ∙

1000𝑊 1
∙
, [W]
1𝑘𝑊 𝑁batt

•

𝐶rated = 25Ah

•

𝜂charge = 100%

•

𝜂discharge = 95%

•

𝐶1 = 3000 F

•

𝐶2 = 15000 F

•

𝐶3 = 100000 F

•

𝑅0 = 1.5 m

•

𝑅1 = 0.4 m

•

𝑅2 = 0.7 m

•

𝑅3 = 0.5 m

•

SOC-OCV lookup table:
- OCV = [3.3, 3.5, 3.55, 3.6, 3.8]
- SOC = [0, 0.1, 0.5, 0.9, 1.0]

Control function (optional)
Initial system state

•

initial state of charge: 𝑆𝑂𝐶0 = 4%

•

capacity coefficient: 𝜂cap = 100%

Temporal resolution

The time resolution of the measurement of the power demand
and other components, which will be simulated together with the
battery model, is 5 seconds. Therefore, the time resolution of the
test is 5 seconds.

Evolution of system state

First, the battery is charged and discharged between SOC of 4%
and 96% with 3 different patterns (𝑃batt = ±0.4kW, 𝑃batt =
±2kW, 𝑃batt = ±4kW). Then a dynamic test is performed by
alternating power.
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Evolution of the controller signal 𝑃batt .

Results

Resulting state of charge 𝑆𝑂𝐶batt of the battery model.

Resulting voltage 𝑈batt of the battery model.

The numerical data is provided in the attached dataset (see
Battery_result.csv in date file KIT_Battery_data.zip).

Model harmonization
Narrative

This model harmonization uses the same test setup as the one
used for model validation. The focus here is on the total energy
which is used to charge or is consumed in discharging and the total
energy loss due to the impedance.
The test is separated into 6 parts:
1) t = [0,24000]
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2) t = [24000,44000]
3) t = [44000,51000]
4) t = [51000,58000]
5) t = [58000,63000]
6) t = [63000,69000]
For each part, the following KPIs are evaluated:
𝑡 𝑒𝑛𝑑

•

𝑖
Total energy in each step: E𝑖 = ∫𝑡 𝑠𝑡𝑎𝑟𝑡
P𝑏𝑎𝑡𝑡 dt

•

Loss: P𝐿𝑜𝑠𝑠 = |(𝑈𝑏𝑎𝑡𝑡 − 𝑈𝑂𝐶𝑉 ) ∙ 𝐼𝑏𝑎𝑡𝑡 ∙ 𝑁𝑏𝑎𝑡𝑡 ∙ 1000|

•

𝑖
Impedance energy loss: 𝐸𝑖𝐿𝑜𝑠𝑠 = ∫𝑡 𝑠𝑡𝑎𝑟𝑡
P𝐿𝑜𝑠𝑠 dt

𝑖

1

𝑡 𝑒𝑛𝑑
𝑖

Test system configuration

Same as the system configuration in model validation, only that
the total simulation stops at 69000 s.

Inputs and parameters

Same as the system configuration in model validation.

Control function (optional)

None.

Initial system state

Same as the system configuration in model validation.

Temporal resolution

Same as the system configuration in model validation.

Evolution of system state

Same as the system configuration in model validation.

Results

The resulting KPIs for the 6 parts are:
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•

E1 = 2.0000kWh

•

𝐸1𝐿𝑜𝑠𝑠 = 0.0078𝑘𝑊ℎ

•

E2 = −1.8667kWh

•

𝐸2𝐿𝑜𝑠𝑠 = 0.0074𝑘𝑊ℎ

•

E3 = 2kWh

•

𝐸3𝐿𝑜𝑠𝑠 = 0.0378𝑘𝑊ℎ

•

E4 = −1.8333kWh

•

𝐸4𝐿𝑜𝑠𝑠 = 0.0375𝑘𝑊ℎ

•

E5 = 2kWh

•

𝐸5𝐿𝑜𝑠𝑠 = 0.0729𝑘𝑊ℎ

•

E6 = −1.6667kWh

•

𝐸6𝐿𝑜𝑠𝑠 = 0.0708𝑘𝑊ℎ
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Appendix F: List of attached files
In the following, a list of files attached to this deliverable is provided. These files contain information that
is referenced in the completed model description forms in this document. All files are packaged in a single
ZIP file named D4-1_attachments.zip.
File name

Type

Referenced in

AIT_ElectricHeater_data.zip

data file

Appendix A.1

AIT_ThermalEnergyStorage_data.zip

data file

Appendix A.2

DTU_Battery_BMS.pdf

control function definition

Appendix B.2

DTU_Battery_data.zip

data file

Appendix B.2

DTU_Charging-post-and-electric-vehicle_data.zip

data file

Appendix B.3

DTU_District-booster-heater_data.zip

data file

Appendix B.1

EDF_2VolumeThermalStorage_data.zip

data file

Appendix C.2

EDF_HeatPump_data.zip

data file

Appendix C.3

KIT_Battery_data.zip

data file

Appendix D.1

KIT_Thermal-building_data.zip

data file

Appendix E.1

SmILES_D4-1_model-example_data.zip

data file

Section 4
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