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Abstract

With the increase in energy demand in cities and the growing need to miti-
gate the anthropogenic impact on climate, the interest in understanding the
energy flows in cities has risen in recent decades. This thesis aims to con-
tribute towards the development of useful and flexible tools which help to
understand the energy flows in cities. It is specifically focused on the build-
ing sector, with emphasis on thermal energy performance and the potential
of renewable energy integrated into district heating systems.
The participation on the development of an adaptive urban energy modelling
tool that, on the one side tackles different levels of complexity of the energy
system according to the scope of analysis and on the other side, can adjust
the models to the data available is presented.

This thesis describes a dynamic building demand model that can be used
for urban energy modelling thanks to the automation of input data setting
and its flexibility to adapt to different levels of data resolution. Likewise, the
thesis contributes to the improvement of a District Heating Network model
by developing a methodology to avoid artificial diffusion and wave delay in
network pipes. In this way, the dynamics of the fluid inside pipes can be
reproduced, which is crucial when introducing very intermittent elements to
the system, such as thermal solar panels or the buildings themselves.
The workflow followed by the tools where the models have been integrated is
also explained, paying attention to its modular structure and the input data
preprocessing.

Finally, the thesis presents two case studies that show the performance and
the potential of the developed models and the tools where they are embedded.
In the first case study, the capacity of the building model to adapt to two
different levels of detail of the input data is shown. In contrast, the second
case study focuses on the DHN model and how it can be used to study the
impact of connecting distributed supply sources, which are very common in
renewable applications.
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Chapter 1

Introduction

1.1 Background and problem statement

The world population has increased exponentially since the Industrial Rev-
olution, and it has moved from rural to urban areas, most probably thanks
to the easy access to energy and other resources that the revolution brought
with it. This increase will continue according to the UN’s report on World
Urbanization Prospects in 2014 [148]. It is projected to add 2500 million peo-
ple to the world population by 2050, reaching the population living in urban
areas the 66% by the same year. The increase of population, inevitably leads
to a rise of environmental impact (I). Ehrlich and Holdren [68] considered the
environmental impact to be proportional to population (P ), economic activ-
ity (A) and the technology to support technological activity (T ): I ∝ P.A.T .
The growth of population mainly occurs in the so-called ‘developing’ coun-
tries, only three countries –India, China and Nigeria– are expected to add
together more than half of the urban population growth, 37%. In such coun-
tries, the technology used has a bigger impact, and the urban population is
more economically active than in ‘developed’ countries, increasing even faster
the stress on the environment under business as usual conditions.
Corroborating this relationship, the World Energy Outlook (WEO) 2008
[211], with a chapter focused on energy use in cities, forecasts continued
increase of energy use per capita for the next years (Figure 1.2), after a
breakneck growth since the beginning of last century (Figure 1.1). The pri-
mary energy use in cities was in 2006 already 67% of the total, and it is
projected to grow up to 73% by 2030. Non-OECD countries account for 81%
of this growth.

1
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Figure 1.1: Growth on population and energy use (Sources: World Bank
Database [7] and Roser’s work for the Our World in Data website [8]).
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Figure 1.2: World and city primary energy use (Source: [211]).

If zooming in the global energy system [212], three groups are the more
significant energy users: Industry, Transport and Building sectors, being the
last one the biggest (Figure 1.3). This proportion fits with the previous
statement since energy use in cities include almost the entire Building sector
and part of the Industry and Transport [211].

This whole scenario raises the exciting challenge for the society of creating
more efficient cities. Moreover, it explains the global interest in urban climate
and energy issues as it was reflected in two relevant reports. First, the
Millennium Development Goals Report, 2008 [152], which alerts about the
growth of the population in cities and the importance of managing it in such
a way that the access to all resources can be ensured. Second, the WEO,
2008, which focuses specifically on urban energy use. Furthermore, many
activities of organizationsa as well as the continuously increasing investments,
according to the International Energy Agency (IEA) [213] (Figure 1.4), also
reflect a “growing recognition that energy use in cities is a key element in
the fight against global climate change” [38].

Following the same path as the international community, the European Union
(EU) has focused its energy policy in the reduction of CO2 emissions related
to energy use in urban areas. Its main target is to decrease the energy use
and promoting renewable energy, as the objectives of the Strategy Europe
2020 reflect [55].

ai.e. the Global Carbon Project’s Urban and Regional Carbon Management theme, the
International Council for Local Environmental Initiatives Cities for Climate Protection,
the C40 Climate Leadership Group, Energie-Cités, Columbia University’s Urban Climate
Change Research Network, among others.
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Figure 1.3: The global energy system, 2013 (From [40], based on IEA data
from the World Energy Statistics and Balance, OECD/IEA 2013).

Figure 1.4: Average global annual investment according to the IEA. Especial
emphasis on the Building sector (Source: [213]).
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The third target for the EU in 2020, Climate change and energy sustainability,
establishes three objectives that were upwardly revised in 2018:

1. The reduction of greenhouse gas emissions 40% lower than in 1990.

2. The promotion of energy from renewable sources until 32% of the total.

3. The increase of 32% in energy efficiency.

In this third objective, the main focus is on the use of energy in buildings be-
cause it is in that sector where lies the most significant energy-saving poten-
tial, as it is explicitly expressed in the Communication from the Commission
to the European Parliament in 2011 [54].

Furthermore, the Directive 2012/27/EU [159] emphasizes the importance of
working towards efficient district heating and coolingb, and encourages the
Member States to develop those solutions in the framework of low energy
cities in its Chapter III – Article 14: ‘Promotion of efficiency in heating and
cooling’.

It is not surprising, then, that the trend nowadays is to go away from en-
ergy supply systems for single buildings and consider District Heating and
Cooling Systems (DHCS) with semi-centralized (renewable or waste heat
complemented with centralized conventional) energy supply systems for ur-
ban blocks as a better solution [100]. It has been proved that they can have
a significant effect on the reduction of CO2 emissions for several reasons.
First, the aggregated heat load curve (the sum of all singular demands) is
smoother than the individual load curves. Therefore, there is less need of to-
tal generating capacity and the supply systems work more efficiently (better
when more industries are included in the network) [64], taking advantage of
the economies of scale, too. Furthermore, the total supply energy is reduced
by the use of industrial waste heat [136, 70], co-generated heat [151], waste
incineration [98] or renewable energy such as solar [134], biomass [73] or
geothermal [34, 95]. These advantages become even more evident when mov-
ing towards 4th Generation District Heating systems (4GDH). By decreasing
the working temperatures of the network, the potential of integrating new
resources increases exponentially [135].

DHCS are traditionally divided into three components [214, 186, 171]:

- The demand (‘consumers’): space conditioning and Domestic Hot Wa-
ter (DHW) preparation. The ultimate purpose of the system is to

b[159] defines efficient district heating and cooling as “a district heating or cooling
system using at least 50 % renewable energy, 50 % waste heat, 75 % co-generated heat or
50 % of a combination of such energy and heat”.
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Figure 1.5: Illustration of the concept of 4GDH in comparison to the previous
three generations (Source: [135]).

cover the energy demand of all consumers: single-family or multi-family
houses, commercial buildings, institutional buildings, offices, industries,
hospitals, etc.

- The distribution network : heat is distributed from thermal plants to
the consumers (or in the other way around when talking about cooling
systems) though a heat-carrying fluid (normally hot water or steam)
in supply pipes. Heat and pressure losses are the critical elements
in designing the network. Storage is usually considered at this level
[137, 205].

- The supply (thermal energy plants): They ‘generate’ the thermal en-
ergy to satisfy the demand. They can be conventional thermal plants,
heat pumps, co-generation plants, renewable plants, etc. Storage can
also be considered here, mostly when the supply comes from renewable
energy.

However, when moving towards 4GDH, the system becomes more complex
by, for example, mixing different centralized supply systems or with the emer-
gence of prosumers as Figure 1.5 shows. The term ‘prosumer’, already used
in the power sector [83, 182], started to be also used in the thermal energy
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sector in recent years [162, 206, 42, 43, 41, 154]. It refers to those buildings
that can ‘consume’ energy from the net as well as ‘produce’ energy (typ-
ically through renewable sources) for self-consumption or feeding into the
netc. Due to this increase in complexity, a fourth component is becoming
more and more important: the control systems [171, 186].

In order to understand these systems and tackle the problems of the high
non-renewable proportion of thermal energy use in cities and the CO2 emis-
sions related to it, simulation becomes essential. Simulation enables to create
a virtual model using the computer as a laboratory when doing it in real life
is too costly or impossible. Thanks to simulation, different technical options
can be easily and cheaply tested, leading to a conscious and sound decision-
making in the urban planning and development.
Two critical issues have to be considered at this point. On the one hand, all
components of the system can be considered from different points of view,
depending on the question to be solved with the model. For example, if
defining energy-saving policies, the level of complexity of the system’s defi-
nition must be much lower than if performing technology design or creating
operational control strategies. The intended audiences vary, then, from poli-
cymakers to engineers, and from urban planners to researchers. On the other
hand, no model has sense without the corresponding input data. Feeding a
simplified model with very good input data, or in the other way around, tak-
ing low-quality data and feeding it into a very detailed model, could produce
unreliable results [161].

Therefore, models must adapt to the different levels of complexity required
by the question to be solved, as well as to the different levels of detail of the
data available.

1.2 Aim and objectives

This thesis aims to produce a useful and flexible tool by coherently connecting
data and system models to help in decision-making processes regarding the
urban energy system with a particular focus on thermal energy performance
and renewable energy potential in heating and cooling systems.

In order to achieve this aim, several of specific objectives have been set:

cAlthough the terms ‘consume’ and ‘produce’ energy, are not thermodynamically ac-
curate, they are widely used in the urban energy field. Hence, the author will adopt them
for this thesis, too.
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Technique Method Validation datasets

Code checking Computer code is checked line by line. –

Analytical tests Predictions for a simple simulation are compared with expected
results which can be calculated analytically.

EMC analytical tests

Interprogram
comparison

Predictions are compared with those other simulation programs
supplied with equivalent input data.

IEA annex 21, task 12:
BESTEST / VDI6020 (Ger-
man standard)

Empirical vali-
dation

Predictions compared with real building measurements. Predic-
tions should be made without knowledge of actual measured per-
formance (i.e. blind)

IEA annex 21, task 12: em-
pirical validation test / IEA
Annex 58 subtask 4: Twin
houses

Table 1.1: Validation techniques with examples of validation datasets for
single building models (Source: [28]).

1. To develop a flexible building model able to represent the variety of the
city’s building stock.

2. To produce a District Heating Network (DHN) model able to capture
the dynamic thermal behaviour of the networks.

3. To validate models using different available methodologies (Table 1.1).

4. To integrate the models in a modular Urban Energy System simula-
tion environment that facilitates input data and incorporates building-
urban and building-supply systemd interactions.

5. To demonstrate the usefulness of the modular urban simulation tool
for decision-making processes by accomplishing diverse tasks with the
same software.

1.3 Originality and contribution to knowledge

By achieving the objectives previously defined, this research has contributed
to the urban energy modelling sector in the following ways:

1. A dynamic building model has been produced. This model has, among
others, the following characteristics that are not found all together in
any other model:

- Flexibility to adapt to any type of building of a city stock.
- The internal long-wave radiation is explicitly presented in the

model.

dThe supply system also includes the supply network.
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- The consideration of the thermal bridges.
- Modularity to allow integration of smaller modules that perform

specific functions, such as stochastic models that produce use pro-
files or more sophisticated and up-to-date construction alterna-
tives.

2. A pseudo-dynamic DHN model is provided. It can represent the dy-
namic thermal behaviour of the net, which is crucial when evaluating
the impact of very intermittent elements in the system, such as indi-
vidual building demands or renewable energy supply.

3. A novel prototype of an urban energy simulation tool has been devel-
oped. This tool integrates both models, together with traditional and
renewable supply system models. The tool has three main characteris-
tics that can be considered substantive contributions:

- It is very modular, allowing different studies with the same tool
and being able to adjust the models to the level of detail of the
input data available.

- It includes the automation of data setting for dynamic simulation,
which facilitates the simulation of large areas.

- It considers the interaction building-urban context as well as building-
network. No other tool in urban energy simulation has been found
in literature able to do that at such level of resolution.

1.4 Organization of the thesis

The flowchart 1.6, presents the workflow followed within this thesis. The
purple path was the one taken. The first step in this workflow is the literature
review on Urban Energy System Model (UESM), presented in chapter 2. The
system has been divided into the three main components (demand, network
and supply) and a review on each of them was made. First, the building
energy models, considering the urban context. Second, a review of network
models and, finally, a search on supply systems for DHN were also done.
Considering the output of the models’ reviews, research on simulation tools
that use the desired models and fit the requirements defined in section 1.2
was performed. Two paths were followed in this research:

1. No co-simulation: A catalogue of software for UESM was produced.
The catalogue divided the tools into two groups, comprehensive soft-
ware and platforms. From those, a selection of the preferred tools was
made, and a more in-depth explanation on the final selection (a plat-
form called SimStadt) is given.
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According to the platform selected, a final review on simulation tools
to be plugged into the platform was performed. These tools were cata-
logued, depending on how well their models fit the requirements previ-
ously defined in section 1.2. INSEL was finally preferred as simulation
engine.

2. Co-simulation: A brief introduction to this approach is presented in
section 2.2. An on-line co-simulation platform called Ci-NERGY was
selected together with the SimStadt platform. They are very similar
in their concept, but, in addition to the benefits of being a web-service
oriented tool, Ci-NERGY allows two-way data exchange between tools
(enabling co-simulation) while SimStadt allows only one way.

Chapters 3, 4 and 5 dig dipper into the workflow structure and the models’
development. The models of the building components together with the
building model itself, are first explained in chapter 4. Its validation following
the Building Energy Simulation Test (BESTEST) is presented at the end
of this chapter. In chapter 5, the adjustments done for the network model
is discussed, and the verification and calibration of the modified model is
presented.

In order to give an idea of the potential of the developed tool, two applica-
tion cases with different objectives have been carried out. The first one is
also used to go over the structure of the workflow, reviewing each step and
clarifying their single targets inside the complete workflow. Furthermore,
with the applications, the innovations provided by the tool are pointed out,
using each application to highlight a subset of them. The first application,
in chapter 6, calculates heat demand at block-scale in a neighbourhood in
Stuttgart. A dynamic simulation of every building has been carried out, tak-
ing into account the building-to-building interactions in terms of irradiation.
Different types of buildings with different uses compose the neighbourhood.
The simulation has been carried out for two different levels of detail of the
3D input data, allowing a comparison in the outputs of both cases. Fur-
thermore, the potential of a decentralized heat pumps system powered by
distributed solar electricity from PV and supported by the grid when needed
was analysed for the most detailed case: the one with LoD2 input data.
The second application, presented in chapter 7, is focused on the behaviour
of a DHN. The impact to the DHN of a distributed solar thermal system
has been analysed, together with the potential of such a system on a real
network in the city of Vienna. The heat demand is given as an input to the
study (it has not been calculated). Finally, the conclusions of the thesis and
future work are tackled in chapter 8.
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Figure 1.6: Workflow of thesis.
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Chapter 2

Review on Urban Energy
System Models and Software

The term Urban System Model gathers up a large number of conceptually
different model topics, from traffic to building location or resources flows (en-
ergy, water, food, waste, etc.). The urban system model may then consider
only one of those topics, some or all of them together, as they interrelate in
real life. This thesis focuses specifically on energy system models, but being
aware of the real complexity of the urban systems.
Also, analysing the energy system in the urban context is a complex issue,
and some boundaries must be defined to delimit the target such as the urban
area size or the type of energy use from all possibilities: thermal, electric,
energy for transport, etc.
As the subject of this thesis is DHCS, the size of the area of study is closer
to a neighbourhood than to a complete city. Robert E Best [32] defined a
‘district or community scale’ as 102 to 103 neighbouring buildings with peak
power consumption between 10 and 100 MW. That is consistent with the size
extracted from the review in district heating and cooling technology done by
Rezaie, B. and Rosen, M.A. [171]. In order to include also small-scale DHCS
[162, 101], the considered size in this thesis ranges between a few buildings
to a thousand. As well, the focus is on the thermal building demand and
supply.

This chapter gives an overview of the different UESMs found in the literature,
focusing on those that consider the defined size and that include thermal en-
ergy flows. Models are usually embodied in computer programs [17] that
enable the results to be tested against data (if available), and the user to

13
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easier analyse the target scenarios. These tools are also discussed in this
chapter.
Regarding the tools, there is considerable ambiguity in the literature con-
cerning the meaning of certain technical terms. To ensure that the reader
understands the intended meanings of key terms used in this thesis, please
refer to the glossary in Appendix A.

2.1 Urban energy system models

Huber and Nytsch-Geusen [100], defined four levels of resolution in urban
energy simulation:

1. Spreadsheet analysis.

2. Non-integrated building and supply system simulation.

3. Coupled building and supply system simulation.

4. Computational Fluid Dynamics (CFD) simulation.

With level one, only basic estimations of demands can be performed as it
is mainly based on monthly average values. This level is too simple for the
thesis’ target.
Both the second and third levels consider dynamic simulation. They consist
of different resolution approaches to the same problem. In the non-integrated
case, the simulation is done sequentially in different steps, and the data ex-
change between simulations take place only in one direction. First, loads are
calculated, considering zone temperatures equal to set zone temperatures.
Then, the network and the supply systems are simulated with the input of
those ‘ideal loads’. This approach ignores, for example, the impact of the
thermal capacity of the building and the control strategies of the supply sys-
tems. In the case of coupled simulation, the data exchange goes in both
directions. Therefore, all components can interact with each other during
the simulation. Both of these two levels fit the objective of this thesis. Fi-
nally, the fourth level can answer detailed questions such as thermal comfort
conditions or the wind flow patterns. This level is too detailed, and it is out
of the scope of this work.

It is hard to find a model that considers demand and supply together at
the second and third levels of resolution. Rezaie et al. [171] showed that
those that consider them together mainly use qualitative decision-making
techniques rather than quantitative evaluations of environmental benefits,
remaining at the first level: spreadsheet analysis. The review is, therefore,
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divided in three parts to classify the models depending on their target sepa-
rately: first the Urban Building Energy Modelling (UBEM), then the network
models and finally the supply systems ones.

2.1.1 Urban building energy models

Buildings are the main components of the UESM because they provide the
starting point for other analysis such as refurbishment purposes, system di-
mensioning or optimization. Two different analytical strategies are generally
differentiated [199, 194, 76], including Top-Down and Bottom-Up.

a. Top-Down strategy

This strategy is associated with the economical paradigm. The tech-
nology is treated as black boxes being difficult to analyse detailed tech-
nical proposals. Still, they are suitable for energy policy questions
related to macroeconomic aspects thanks to the explicit inclusion of
inter-linkages between the energy and economy sectors. This strategy
usually is highly endogenized, i.e. many parameters are defined within
the equations of the model, and uses aggregated data. The models are
derived based on regression from historical data so they are intrinsically
limited to the cases from which they were derived, losing generality.

b. Bottom-Up strategy

Swan L. G. and Ugursal, V. I. [194] pointed out that there are essen-
tially two bottom-up approaches: statistical and physical. Statistical
methods generally apply some form of regression with common regres-
sion factors. Such models can include macroeconomic and socioeco-
nomic effects, but they rely on historical consumption data. Therefore
they are restricted to the cases from which they were derived and to a
relatively short term as far as heat demand is concerned [116]. How-
ever, they are of great use when performing typological sampling for
stock modelling (e.g. Project TABULA [5]).

On the other hand, the physical approach is associated with the en-
gineering paradigm. It is used to make engineering studies separated
from the market behaviour since they describe energy end-use and tech-
nological options in detail. To do so, it needs high disaggregated but
measurable data. This approach is then the most powerful one since
detailed scenarios for refurbishment or renewable energy systems can be
tested, but the volume of required data makes it difficult to use in large
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areas. This can be overcome by using as inputs building archetypes or
human behavioural patterns obtained through statistical models, which
is, in fact, a common practice [188]. Nonetheless, the fact that it is in-
dependent of the market makes an over-estimation of the potential for
efficiency improvements.

Nowadays, the line that separates these two strategies is getting more and
more diffuse as the number of hybrid models available increases [36]. It can
be concluded that the right approach to use in this thesis is the bottom-
up physical approach. Statistical models of human behaviour or building
archetypes should be employed. This approach allows accounting for the
energetic coupling between buildings and with the urban context, or the
effect of prosumers on the district network. Kämpf, J. H. and Robinson, D.
[114] defined three physical modelling strategies:

1. Explicit solution of the heat diffusion equation.

2. Model reduction techniques.

3. Model simplification techniques.

From these, the reduction techniques are restricted to the cases used for de-
veloping the model, losing general applicability. The other two techniques are
more general and, depending on the degree of simplification, also modular.
But, this thesis intends to cover a big range of data availability cases. Thus,
a more detailed simulation model seems to be a better option since it can
be used for high or low level of detail of the data model. As a summary, the
most appropriated modelling strategy for the target of this thesis has been
considered to be the explicit solution of the heat diffusion equation
using physical nodal building models. The thermal building model is
explained in detail in chapter 4.

Every target building in an UBEM must have information related to four
input datasets [169] to feed in the thermal model:

D1. Weather data can be found for many places around the world either
from local meteorological surveys [1] or as mean values of previous
years in standard formats such as Typical Meteorological Year (TMY)
[112]. TMY format was considered by Crawley the best for building
performance simulation [57]. These values are normally taken from
meteo-stations out of the urban area; therefore, some studies have lastly
been carried out in order to characterise the local micro-climate [44,
155, 164]. Effects like the heat island, the long-wave reflection or street
canyon effect can have a big influence in the building demand simulation
[141].
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D2. Building geometry includes the external geometry, with windows,
doors, elements on the façades or the roof, among others. But also
internal geometry and even furniture. Geographic Information System
(GIS) combined with Laser Imaging Detection and Ranging (LiDAR)
[167] can be used to generate 2.5D or 3D external geometry automat-
ically. However, up to now, there is no method to generate internal
geometries automatically. Finally, some techniques like Mobile Map-
ping together with Automatic Object Extraction [139] can be used to
generate the window areas information, but it is rarely used. Another
option is creating the data from scratch, but it is very time consuming
and a source of errors. In the building geometry databases exist very
few buildings with detailed information, typically only the footprint
and high or number of storeys can be found.

D3. Construction data. Some countries developed databases with infor-
mation related to the construction, thermal and optical properties of
buildings for different archetypes, usually clustered by type of build-
ing and year of construction. In Europe, under the projects TAB-
ULA (2009-2012) and EPISCOPE (2013-2016), 20 countries developed
building archetypes with construction information, among others. This
values are accessible from the TABULA WebTool [4]. Again, this in-
formation can be generated from scratch with the same problems as
mentioned before.

D4. User schedules are the last related data family. Two types of schedule
models can be used, either deterministic or stochastic. The occupants
should be treated as individual agents rather than identical robots.
However, the majority of the building models use deterministic sched-
ules, losing information about the erratic behaviour of occupants. But,
when simulating a large number of buildings connected to the same
distribution system, the demand curves overlap, producing overshoots
at specific moments due to the repetition of the schedules. In these
cases, the importance of stochasticity increases. The idea of consid-
ering stochastic schedules at the urban level was already proposed by
CitySIM [176].

2.1.2 Network models

Two significances can be found in network modelling, including the model
of a specific component, e.g. substations, pipes, pumps, heat generators;
or the model of the complete district heating system. In this chapter, the
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Figure 2.1: Schema of a District Heating System.

discussion goes around a meaning that is closer to the second option, in which
the network and sub-stations are modelled together (see Figure 2.1). This
meaning is also the most common one in the field.
The network system includes here pipes and all pipe connectors, pumps and
substations (both, for the ‘consuming’ and the ‘producing’ sides), considering
as thermal carrier only liquid water. Steam was commonly used in first-
generation DHN, but nowadays, very few networks (e.g. New York and Paris)
still use it due to its thermal and economic inefficiency [215]. Steam is a high
exergy carrier, with correspondingly high potential for energy dissipation.

As in the previous case, there are two strategies to model the network, the
top-down and the bottom-up. Following the same conclusions extracted for
the building models, the top-down (e.g. [126]) strategy was rejected. Only
the approaches for the bottom-up are considered, including steady-state and
dynamic approaches [35].

a. Steady-state approach

The steady-state approach is commonly used in DHCS for network
dimensioning and optimization of the layout [80], together with opti-
mization of the performance [58, 209, 35] or simulation analysis [132].
Both parts of the model, the hydraulic and the thermal ones are un-
coupled. Thus, the modelling is done in two steps: first, the flow rates
through every pipe and pressures at each node are calculated with con-
stant water properties (density, viscosity, heat capacity and thermal
conductivity). Then, the temperatures field is obtained by doing a
heat balance equation in every pipe. The heat transfer is considered
to be radial only, and the water and surroundings’ temperatures are
assumed to be constant along the pipe.

b. Dynamic approach
Many temperature and velocity fluctuations appear when connecting
unstable sources to the network, i.e. waste or solar heat. Furthermore,
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in District Heating Systems (DHS), a temperature wave is deliberately
produced to reduce the flow during peak consumption periods [79]. A
correct control of the dynamics of the network has been proved to lower
the total fuel consumption in, at least, 2% ([115] cited in [191]). This
behaviour is not possible to capture with a steady-state approach, and
a dynamic one must be used [78].

Velocity fluctuations increase the probability of turbulence and turbu-
lent diffusion leads to higher heat exchange. This means that the higher
the velocity, the bigger the heat flows. Furthermore, the temperatures
field affects the fluid physical properties involved in both heat transfer
and fluid flow. Hence, a fully dynamic approach must also couple
both parts of the model: hydraulic and thermal.

Nonetheless, the dynamics of the hydraulic part are much faster than
those of the thermal part [191]. Pressure waves travel at the speed of
sound. In contrast, temperature waves do it with the water flow (the
typical time-steps for velocity and pressure calculations are between
0.5 and 2 seconds, while the time-step of temperature waves can be
minutes or even hours). Hence, the dynamics of the flow are less im-
portant from the operational point of view than the thermal dynamics.
A pseudo-dynamic approach, with a large time-step of calculation
(some minutes), leads to an uncoupled approach where the velocities
are steady-state calculated. Still, the thermal transients are captured,
including the time delay of the temperature propagation, the thermal
capacity of the network and the heat losses [35]. Gabrielaitiene, I. et
al. [81] compared with numerical experiments a coupled and uncoupled
models and proved that not considering the coupling between thermal
and hydraulic models leads to insignificant errors in temperature pre-
dictions. The pseudo-dynamic is the approach that is most frequently
used in engineering for network simulation [157] and is the one selected
for this work.

Two methods are used to model the dynamics of the thermal behaviour
based on the pseudo-dynamic approach, including the element and the node
methods [157]. Each of them uses a different approach to solve the 1-D fluid’s
energy conservation equation.

The node method was described in 1997 by Benonysson [219]. It inte-
grates energy conservation equation along a fluid’s particle path line using the
method of characteristics described by Wylie et al. in 1978 [220]. Through
this method, the outlet temperature of a pipe can be inferred from a past
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inlet value, taking into account the heat capacity of the pipe and the thermal
losses in a second step. (For more details, refer to [86]).

Alternatively, the energy conservation equation can be solved using the el-
ement method [200, 93]. It solves the energy balance in a defined control
volume where the temperature is assumed to be uniform. The energy con-
servation equation can be solved with an implicit or an explicit formulation,
but in both cases normally under the following assumption:

- The heat losses in the radial direction are calculated considering a single
uniform temperature in water and pipe, and also uniform temperatures
in insulation and surrounding ground for every control volume at each
time-step. The axial conduction in the fluid and pipe wall is negligible.

- The thermal conductivity is assumed constant for every component.
The jacket pipe thickness is ignored for the heat transfer calculation.

- Compressibility of the fluid is neglected.

- Fluid physical properties (density, viscosity, heat capacity and heat
conductivity) are constant at each time-step.

- Leakage is obviated.

- Temperature rises due to friction losses is neglected.

- The effect of the heat losses to the ground is neglected, considering
that the ground temperature is not affected by the network. This
assumption is not as common as the others, and it can be overcome in
the future by developing a more detailed model of the ground-network
interconnection.

Several studies proved that both methods provide similar results. In 1997,
Pálsson, H. [156] made a theoretical comparison between both models con-
cluding that none of the methods could be considered better concerning ac-
curacy. Both models have problems with artificial diffusion, which results
in abnormal smoothing of sharp temperature profiles. In both cases, it was
proved that the problem could be overcome by improving the model through
a better understanding of how the relationship between the velocity through
the pipes and the velocity of calculation (length of pipe segments divided by
the simulation time-step) affects each method. This relationship is normally
studied through the Courant-Friedrichs-Lewy (CFL) number, presented in
section 5.3 and affects each method in opposite ways. At the same time, the
nodal one behaves better in general at low CFL, the element method solves
the artificial diffusion at high CFL but could provoke small overshoots in
sharp temperature gradients.
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Other comparisons were performed using measured data. Gabrielaitiene, I. et
al. [79] used both models to simulate the propagation of a temperature front
and then contrasted their results against measured data. They concluded
that with a correct selection of floating points in the element method, there
were similar results in terms of accuracy between the node and the element
methods. Furthermore, the element method predicted better the peak of the
temperature wave. The node methods seemed to predict better the delay on
its appearance. More recently, Wang, Y. et al. [209] carried out another ex-
periment using measured data from an existing DHN in Shijiazhuang, coming
to the same conclusion: both methods could keep the errors within ±0.5◦C.
Besides that, the node method requires much lower computational time [31].
However, the higher computational time of the element method can be over-
come by the parallelization of the computations.
In any case, this method is not suitable to be used in meshed networks or net-
works with multiple heat sources (e.g. prosumers). That is because the node
method only calculates temperatures in nodes, but not their distribution
along the pipes. Therefore, it can not capture the changes in the direction
of the water flow rates due to the hydraulic variations [209]. Therefore, the
node method is not suitable for the scope of this thesis. Those software based
on the element method or that allow users to code their models, are discussed
in section 2.3.

2.1.3 Systems models

In the same way as for the networks, two approaches can be found for mod-
elling the supply systems:

a. Steady-state approach

The steady-state is the most commonly used approach in supply sys-
tems for DHS simulation [197]. Depending on the objective of the study,
either the performance of the equipments are modelled with seasonal
or annual constants values of efficiency and heat generation output,
or these parameters can also be dependent on variables such as tem-
peratures, the Partial Load Factor (PLF) or solar radiation, through
performance curves. Delangle, A.[61] studied the optimization of the
marginal expansion of an existing DHS and defined annual constant ef-
ficiencies for all possible supply systems considered in the study. Also,
Wang, D. et al.[208] used a constant efficiency of solar panels for early-
stage designs of DHS with distributed solar thermal energy supply.
Pavičević, M.[160] used a model in which generated heat and efficiencies
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of systems depended on temperatures or PLF at every time-step of one
hour to optimize and size a district heating systems considering build-
ing refurbishment. Afjei, T. et al.[12] used a steady-state approach to
“provide a fast but sufficiently precise calculation of heat pump system
performance” to compare different equipment for the same network.

b. Dynamic approach

The dynamic approach is, however, needed in some cases due to the
high dynamical behaviour of some equipments in unstable periods, like
during starting and shutdown regimes. Giraud, L. et al.[85] built a
complete dynamic simulation of network and supply systems to evalu-
ate control strategies.

None of the approaches have been excluded from the review of simulation
tools.

2.2 Urban simulation tools

Many tools have been developed in the last years trying to simplify the use
and access to urban energy models, but covering only partially the complexity
of the energy system in cities [120]. Allegrini et al. [17] concluded in their re-
view on urban models and tools that the building-to-building thermal and so-
lar interactions, Urban Heat Island (UHI) or vegetation might actively mod-
ify the results of urban energy system simulations. This building-urban in-
teractions were in 2005 for the first time considered in the Sustainable Urban
Neighbourhood modelling tool, SUNtool [175]. This software has a thermal
model, coupled with Heating, Ventilation, and Air Conditioning (HVAC) and
Environmental Control System (ECS) models, with an urban-sensitive radia-
tion model, the Simplified Radiosity Algorithm (SRA) [177]. Heavily inspired
by SUNtool, but further refined with more rigorous thermal and behavioural
models is the comprehensive software CitySim (see Table 2.1). Since then,
many other tools emerged, either as simulation platforms or comprehensive
software as the previous ones. In recent years, the first option has more and
more followers, thanks to its flexibility and the possibility of interconnecting
tools highly valued by the scientific community. Following this idea of flex-
ibility and interconnections, the co-simulation is gaining the interest of the
urban simulation community. Co-simulation stands for coupled simulation;
the coupled models share common variables, but are implemented in two or
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more different software. The use of standards to share the information is,
therefore, a common practice in this relatively new field. An example of this
is the Functional Mock-up Interface (FMI) standard [24]. FMI is a “tool
independent standard to support both model exchange and co-simulation of
dynamic models” [23]. The simulation models must be encapsulated in zip
files called Functional Mock-up Units (FMU). Some well-established energy
simulation tools have already FMU export utilities that allow the encapsula-
tion of models developed in the mentioned tool. That is the case of TRNSYS
FMU export utility [9] or the EnergyPlusToFMU tool [124]. Other tools like
Dymola are already based on the FMI standard [196] or have been extended
to use it like CitySIM [198]. Moreover, there are some attempts of joining the
capabilities of FMI and building modelling standards like the IBPSA Project
1 started in 2017 [102], or the tools developed by Wetter, M. et al. [216].
Nevertheless, to the best of the author’s knowledge, there are not urban sim-
ulation tools already available that use this approach. A second example
of the use of standards for co-simulation is the work presented by Wate, P.
et al. [210]. They make use of the Service-Oriented Architecture (SOA)
computing paradigm. SOA acts as an enabler to expose software functional-
ities/applications as web services using three key standards: Simple Object
Access Protocol (SOAP), Web Service Description Language (WSDL) and
Universal Discovery, Description and Integration (UDDI). This second ap-
proach, together with the concept of co-simulation, has the advantage of
being web service-oriented. The advantages of a web service are clear; in-
stallations or configurations are not needed, updates are made automatically,
any computer system can be used regardless where it is placed, and the con-
sumption of resources corresponds to third parties. This last advantage gets
even clearer when simulating complex models because they have huge com-
putational costs. With an online solution, these costs can be divided into
many computers, calling multiple instances of the solver installed in differ-
ent servers and, by doing so, diminishing the computational load per unit.
This tool was later presented by Agugiaro, G. under the name of Ci-NERGY
platform [13].
Not only the models’ interaction, but also the interfaces of models with data
and the user are recurrent topics in the software development field. Many
authors [17, 116, 120, 185] deep into the relevance of data input automation.
It reduces the chance of input errors, and also human costs as the data is, in
most cases, one of the highest time consumers [100], making it more feasible
to simulate large models. Also, a clear communication of results has long
been an issue in the use of urban simulation tools [17]. In urban simulation
tools field, the GIS thematic mapping becomes a very intuitive tool for final
users to access and understand results [37, 150, 222].
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To combine these three aspects, models, input management and results com-
munication, many authors agree on the crucial role of modularity [146, 147,
189]. Baldwin and Clark [26] recognize the use of modularity in a large num-
ber of fields to deal with complex systems. The idea behind is the division of
a complex system into simpler and more manageable modules. They define
a module as “a unit whose structural elements are strongly connected among
each other and relatively weakly connected to elements in other units”. The
modules can then be independently created and used in different systems or
for different purposes. Furthermore, they can be improved, updated or mod-
ified in parallel, and allows the developer to easily add new capabilities to
the software [27], like adding UHI effect, electricity networks or improve the
actual models for; for example, including DHW, electrical demand or even
internal zoning. These characteristics help to prolong the life of the tool by al-
lowing accommodation to future uncertainties, like behavioural changes and
innovative designs. In sum, modularity makes complexity manageable and
adds flexibility and adaptability to the tools [189]. Allegrini et al. [17] also
highlighted the challenges that the urban energy modelling community must
face regarding the development of tools that can support decision-makers at
an early design process, as well as develop others with more detailed models
for specific case studies. They proposed the development of tools that could
bridge the different levels of detail and model types. A modular structure is
an excellent strategy to adapt to various configurations.

To summarise, a list of requirements for urban energy tools can be listed.
They should:

R1. Take into account the urban context.

R2. Allow automatic data mapping.

R3. Have the ability to call multiple instances of the solver to simulate
multiple buildings.

R4. Display results via GIS thematic mapping.

And, by being modular tools, they may:

R5. Have the ability to accommodate to different levels of detail to solve
distinct tasks.

R6. Be open to modifications, updates or improvements in every step of the
workflow, to avoid fast obsolescence and allow further developments
from the UESM community.

Finally, the models implemented in such a tool should:
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R7. Cover DHS up to the 4th generation (see Figure 1.5), including demand,
high and low temperature networks and conventional and renewable
energy supply systems. The models should follow the Parsimonious
strategy: be as simple as the most complex case to be analysed allows,
but not simpler.

R8. Account with stochasticity of human behaviour and DHW consump-
tion.

R9. Have the ability to perform not only static but also dynamic simula-
tions so it can catch the inertias of the system. That is essential to
analyse unstable behaviours very common in the 4GDH systems (e.g.
the potential of prosumers or the analysis of bi-directional networks
with pronounced transient regimes).

Table 2.1 presents an overview of bottom-up strategy based tools. The tools
that model only the electrical part of the energy flows (like only electrical de-
mands and grids) such as HOMER [143] have not been considered. Neither have
been those whose models for building demand uses a steady-state approach.
Examples of these tools are the one used by Quan et al.[165] for simulating
Manhattan that performed hourly balance formulations, or MODEST [94] using
a monthly energy balance approach. Only tools that are already capable of
running dynamic simulations of thermal flows or give the option to plug in
some other tools are presented. The table shows some characteristics of the
tools together with how they fit each requirement previously listed.
In column “Type” of Table 2.1, it is written whether the tool is a Compre-
hensive Software (CS) or a Platform (P). Column ‘Models’ shows if the tool
has models (at any detail) of any of the three parts of the system, Demand
(D), Supply (S) and Network (N), or if all three are represented (All). In
R1 the detail in which the urban context is considered within four possibili-
ties is presented: Building-to-building thermal interaction (TI), building-to-
building solar interaction (SI), Urban Heat Island (UHI) or vegetation (V).
Columns R2 to R9 (except R5) say whether the tool fits the corresponding
requirement or not. Column R5 shows whether the software uses an exter-
nal simulation engine or this is already incorporated; in this case, the word
‘Same’ is written. Finally, the last two columns give some references of urban
projects using each tool and the website where to find the tool, when it is
available.

As can be extracted from Table 2.1, current tools only partially address the
key features previously defined:

1. Often focus on specific building type like BEDEM.

2. Often focus on specific places like BEDEM or EEP.



26 CHAPTER 2. REVIEW MODELS AND SOFTWARE

N
a
m

e
T

y
p

e
M

o
d
e
ls

R
1
a

R
2

R
3

R
4

R
5

R
6
b

R
7

R
8

R
9

R
e
f.

W
e
b
site

B
u

ild
in

g
C

on
-

trols
V

irtu
al

T
est

B
ed

(B
C

V
T

B
)

P
D

&
S

%
%

!
%

!
%

%
%

E
n

ergy
P

lu
s

&
S

im
u

lin
k

[100,
158]

h
t
t
p
s
:
/
/
s
i
m
u
l
a
t
i
o
n
r
e
s
e
a
r
c
h
.
l
b
l
.
g
o
v
/
b
c
v
t
b
,h
t
t
p
:

/
/
w
w
w
.
g
e
e
d
i
n
d
i
a
.
o
r
g
/
R
e
s
e
a
r
c
h
.
h
t
m
l

B
E

D
E

M
C

S
A

ll c
?

%
!

%
%

%
!

%
T

R
N

S
Y

S
[117,

118]
-

C
i-N

E
R

G
Y

P
-

-
!

!
!

-
!

%
-

-
[13,

210]
h
t
t
p
:
/
/
d
m
z
0
2
.
r
z
.
h
f
t
-
s
t
u
t
t
g
a
r
t
.
d
e
:
8
0
8
0
/
C
I
N
E
R
G
Y
/

C
ity

S
IM

C
S

D
&

S
T

I,
S

I
!

!
!

%
!

d
%

!
S

am
e

[176,
122,

130]
h
t
t
p
:
/
/
c
i
t
y
s
i
m
.
e
p
f
l
.
c
h
/

E
E

P
P

D
e

?
%

!
!

%
!

%
%

H
T

B
2

[109,
108]

h
t
t
p
:
/
/
w
w
w
.
c
a
r
d
i
f
f
.
a
c
.
u
k
/
a
r
c
h
i
/
r
e
s
e
a
r
c
h
/
c
o
s
t
8
/
c
a
s
e
/

a
s
s
e
s
s
m
e
n
t
/
e
e
p
.
h
t
m
l

S
im

S
tad

t
P

D
&

N
f

S
I

!
!

!
!

!
%

%
%

[150,
192]

h
t
t
p
:
/
/
w
w
w
.
s
i
m
s
t
a
d
t
.
e
u
/
e
n
/
i
n
d
e
x
.
h
t
m
l

S
O

L
E

N
E

C
S

D
T

I,
S

I,
U

H
I

%
!

!
%

!
%

%
S

am
e

[145,
39]

h
t
t
p
s
:
/
/
g
r
o
u
p
e
s
.
r
e
n
a
t
e
r
.
f
r
/
w
i
k
i
/
s
o
l
e
n
e
t
b
/

U
M

I
P

D
S

I,
U

H
I
%

%
!

%
!

%
%

E
n

ergy
P

lu
s

[168]
h
t
t
p
:
/
/
u
r
b
a
n
m
o
d
e
l
l
i
n
g
i
n
t
e
r
f
a
c
e
.
n
i
n
g
.
c
o
m
/

T
ab

le
2.1:

S
oftw

are
su

m
m

ary
:

U
rb

an
sim

u
lation

to
ols.

T
h
e

req
u
irem

en
ts

are:
R

1.
T

ake
in

to
accou

n
t

th
e

u
rb

an
con

tex
t.

R
6.

B
e

op
en

to
m

o
d
ifi

cation
s,

u
p

d
ates

or
im

p
rovem

en
ts.

R
2.

A
u
tom

atic
d
ata

m
ap

p
in

g.
R

7.
M

o
d
el

u
p

to
4G

D
H

sy
stem

.
R

3.
A

b
ility

to
call

m
u
ltip

le
in

stan
ces

of
th

e
solver.

R
8.

A
ccou

n
t

w
ith

sto
ch

asticity.
R

4.
D

isp
lay

resu
lts

v
ia

G
IS

th
em

atic
m

ap
p
in

g.
R

9.
A

b
ility

to
p

erform
d
y
n
am

ic
sim

u
lation

s.
R

5.
A

b
ility

to
accom

m
o
d
ate

to
d
iff

eren
t

levels
of

d
etail.

aT
h

is
req

u
irem

en
t

w
a
s

n
ot

clea
r

in
th

e
litera

tu
re

rev
iew

fo
r

so
m

e
to

o
ls.

T
h

ey
a
re

la
b

elled
w

ith
a

q
u

estion
m

ark
.

bT
h

is
req

u
irem

en
t

is
d

iffi
cu

lt
to

an
a
ly

se
fro

m
th

e
litera

tu
re

rev
iew

.
It

is
n

o
rm

a
lly

n
ot

ex
p

licitly
stated

,
th

u
s

th
is

colu
m

n
is

on
ly

in
d

ica
tive.

c
B

u
t

on
ly

for
a

sp
ecifi

c
a
rea

an
d

b
u

ild
in

g
ty

p
e;

B
elg

ra
d

e
H

o
u

sin
g
.

dU
n

d
er

restrictio
n

s.
eO

n
ly

fo
r

U
K

.
R

esu
lts

sh
ow

ed
p

er
p

o
st-co

d
e:

1
0

to
1
5

h
o
u

ses
o
r

1
in

d
iv

id
u

a
l

n
o
n

-d
o
m

estic
b

u
ild

in
g.

fO
n

ly
d

esign
an

d
d

im
en

sio
n

in
g
,

n
o

sim
u

latio
n

.

https://simulationresearch.lbl.gov/bcvtb
http://www.geedindia.org/Research.html
http://www.geedindia.org/Research.html
http://dmz02.rz.hft-stuttgart.de:8080/CINERGY/
http://citysim.epfl.ch/
http://www.cardiff.ac.uk/archi/research/cost8/case/assessment/eep.html
http://www.cardiff.ac.uk/archi/research/cost8/case/assessment/eep.html
http://www.simstadt.eu/en/index.html
https://groupes.renater.fr/wiki/solenetb/
http://urbanmodellinginterface.ning.com/


2.2. URBAN SIMULATION TOOLS 27

3. They may need manual data input like EEP or UMI.

4. Almost no one can simulate DHS with renewable sources.

The Ci-NERGY platform is an exceptional case. As already mentioned, it is
a co-simulation web service-oriented tool. It has the advantage that handles
CityGML standard and that it is thought to interconnect any energy simu-
lation tool, so there are in principle no limits to its simulation capabilities.
On the flip side, it is still on a very early stage of development.

From the rest of the tools, only SimStadt had already solved the automation
of the input data. In fact, its main specialization is the data management
using virtual 3D city data models, as realistic inputs for simulation. It is
also the only one that explicitly states that it considers the extension of the
capabilities. It is intended to be sufficiently open on its structure to allow
for the integration of any number of simulation plug-ins, which could solve
the lack of dynamic models [149]. It is also the only one that was developed,
allowing different levels of detail of the input data. Also, the visualisation and
communication support is its second big virtue. The results are presented
in different formats, including files with time series results, tables and 2D or
3D GIS maps.
SimStadt manages CityGML databases, in which the building data model
is defined in different levels of abstraction. That makes it easy, from the
data side, to adjust it to the different levels of complexity required. That
is a compelling advantage that enables automatic creation of the input file
for building energy simulation and therefore, saves a significant amount of
time and effort. Moreover, automation reduces errors and mismatches in the
building energy simulation process.
Not only the 3D model, but also some other characteristics of the urban
area crucial for thermal simulation are described in the database thanks to
the so-called CityGML Application Domain Extension (ADE) [6]. Especially
interesting for this project are:

- UtilityNetwork ADE, which defines a topological network model.

- Solar ADE, which manages information of use to local authorities for
encouraging the adoption of solar energy.

- Energy ADE, which extends the CityGML standard with the necessary
features and properties to perform energy simulations.

Therefore, this tool fits at different levels four of the requirements listed
in section 1.2; it allows automatic data mapping, it is also thought to be
modified and extended and finally, it handles GIS thematic mapping results.
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On top, R6 is covered partially in the data side thanks to the definition of
different Level of Detail (LoD) of the data models in CityGML.

Both SimStadt and the Ci-NERGY platform have been considered interesting
tools for the development of this thesis. Moreover, any model developed for
the platform SimStadt is susceptible to be also connected to Ci-NERGY as
a separated plug-in or as part of SimStadt itself as it was already done by
Wate, P. et al. [210].

2.3 Specific simulation tools

The literature showed two different feasible types of tools for modelling the
elements of the system. On the one hand, the energy simulation tools that
provide general energy models and allow the user to code new ones if nec-
essary. On the other hand, specific tools to simulate one or more of the
components of the system.
In the first group, three software must be mentioned, including INSEL, Dymola
and TRNSYS. These tools are object-oriented, multi-domain modelling tools
for component-oriented modelling of complex systems. They are modular
and are prepared to exchange data with other tools. Furthermore, they have
some detailed dynamic models already implemented.
The second option –the specific tools (presented in Table 2.2) for buildings,
networks or supply systems– do not always offer the advantage of modu-
larity, neither they allow interconnectivity. For example, almost none of
them use non-standardized input-output formats, requiring specific inter-
faces. Only EnergyPlus offers a tool called EnergyPlusToFMU (see section
2.2) to translate its outputs to a standard. But, EnergyPlus in stand-alone
mode, models single buildings, not taking into account the building-urban
or building-network interactions. Furthermore, some tools are very specific,
like SUNREL, that simulates only dwellings. Table shows what parts of the
system are modelled within the tool together with some references of use and
the tool website.

General energy models tools: Dymola, TRNSYS and INSEL

Dymola [69] is a modelling tool based on MODELICA [77] modelling lan-
guage. It was initially oriented to model the dynamics of vehicles, but later
on, increased the scope and at the moment it has multi-engineering capa-
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bilities, i.e. the models can consist of components from many engineering
domains. As it is based on MODELICA modelling language, there is a big
community working with it and developing new models, which are very easy
and fast to implement. On the other hand, it is slow for big models, and
it has many components still under development, like the connection with
external databases, or the DHN library [86]. Therefore, although the tool
has a significant potential, the solver is still on an early stage for exploiting
all its advantages.

INSEL [183] is a modular simulation tool to understand, plan, monitor, and
visualize energy systems. As guaranteed in its web, INSEL offers users ready-
made simulation models organized in blocks for a quick start, but users can
design entirely new blocks for many system applications. These blocks can
be interconnected to a detailed model of a specific simulation problem.
TRNSYS [153] and INSEL are very similar in their concept, having as the
most significant difference the way that they solve the equations. In INSEL,
the physical models of each component are solved within each single block.
Therefore, there is no need for a common equations solver, which is the case
of TRNSYS. That has the potential to make the simulations of complex models
faster in INSEL. Furthermore, both tools have similar packages of models of
solar systems already implemented, but they do not have special packages
for DHN models. In fact, the initial scope of TRNSYS excluded hydraulics,
so extending the code to account on new physical phenomena needed for the
DHS could be very arduous [84]. Finally, TRNSYS have a dynamic model
for buildings. Still, it is an all-in-one not-modular block, so it would force
to prepare different templates for different building geometries and levels of
detail of them, losing the concept of modularity. On top of that, the coding
and implementation of new blocks in INSEL is more straightforward than new
types in TRNSYS.

2.4 Conclusions of Literature Review

This chapter has presented a review on simulation models of urban energy
systems dividing them into the three main components, including building
and its interactions with the urban context, the DHN and the systems that
supply them. Some conclusions have been extracted from the review. Re-
garding the building models, a physical bottom-up approach was found to be
the most adequate to the purpose of this thesis. Inside those, the models that
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explicitly present the heat transfer equations are better to ensure flexibility
and adaptability. Also, it was found to be necessary to model DHN with,
at least, a pseudo-dynamic approach to cover the needs of the system to be
modelled. Finally, the model of the supply systems do not impact so much
in the behaviour of the complete system. Therefore, both approaches have
been considered suitable, including steady-state and dynamic approaches.
After this review, research on tools where those models are embedded has
also been done. The characteristics of the models extracted from the previ-
ous section were the focus of that research. After the extensive review, a list
of nine requirements for urban energy modelling tools have been defined and
a set of tools have been selected to develop the work of this thesis: Ci-NERGY
and SimStadt platforms and INSEL engine.
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Chapter 3

Methodological approach and
Model structure

The developed simulation methodology articulates in a linear workflow (Fig-
ure 3.1). Starting with the data acquisition and preprocessing, then the
model definition, the simulation step and finally, the presentation of results.
This linear process does not imply the absence of loops or tree-paths inside
each workflow step.

The workflow based on the developed methodology has been implemented in
two different platforms called SimStadt and Ci-NERGY. SimStadt is a desktop
platform under development since 2013 within the project of the same name.
The second one, Ci-NERGY [13], is being developed as an orchestration of
web services in parallel to this thesis by the Dept. Geomatics, Computer

Figure 3.1: Software workflow.

33
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Science and Mathematics at the University of Applied Sciences, Stuttgart
(see section 2.2).

The five steps that make up the workflow are addressed in this chapter to give
a better overview, but the work developed within this thesis concerns only
steps 2 to 4. While steps 1 and 5 have been implemented by the platforms’
developers. All steps can be treated, modified or updated independently,
and they are similar in both platforms with some small differences, which
are tackled within this chapter.

Figure 3.2 presents as an example of workflow, the demand simulation in-
tegrated into the SimStadt platform. It can be seen how the resolution
algorithm, implemented in INSEL (blue box), is clearly separated from the
modelling part done in SimStadt (yellow box). Once the data is preprocessed
and the model defined in SimStadt, INSEL is called as a simulation engine to
calculate the demand of one single building. INSEL is called as many times as
buildings to be calculated are. Finally, the results are sent back to SimStadt

to be post-processed and presented in the different formats.

3.1 Step 1. Data acquisition

Except for the weather information, the data sources are formatted accord-
ing to the CityGML standard. CityGML is a common semantic information
model for the representation of 3D urban objects that can be shared over dif-
ferent applications. It is designed as an open standard that helps to support
data aggregation, usability and exchange. As said in its website, CityGML is
thought to admit not only individual buildings but larger scale such as cities
or even whole countries. This characteristic makes it ideal for the urban size
target of the tool, the district. CityGML provides a place to hold geometri-
cal, topological, semantical and appearance properties of city models [90]. It
is structured in five well-defined consecutive LoD of the building model. The
definition of those LoD as well as the suggested use for each of them can be
found in the CityGML wikia and are reproduced hereunder (Figure 3.3):

- LoD0 – regional, landscape. The building is represented by horizontal
surfaces describing the footprint and the roof edge.

- LoD1 – city, region. The different structural entities of a building are
aggregated to a simple block and not differentiated in detail.

ahttp://www.citygmlwiki.org/index.php?title=Citygml_Wiki

http://www.citygmlwiki.org/index.php?title=Citygml_Wiki
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Figure 3.2: SimStadt workflow.
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Figure 3.3: Building model from LoD0 to LoD4 of CityGML (Source: [33]).

- LoD2 – city districts, projects. In LoD2 there is a differentiation be-
tween wall, roof and ground surfaces. Also, smaller features of the
building (‘outer building installations’) can be included if their extents
exceed the proposed minimum dimensions (for more information, visit
[6]). Typical candidates for this class are chimneys, dormers, balconies,
outer stairs, or antennas.

- LoD3 – architectural models (outside), landmarks. It includes the open-
ings in a building corresponding with windows or doors.

- LoD4 – architectural models (interior). Concerning the exterior build-
ing shell, the LoD4 data model is identical to that of LoD3, but LoD4
provides the possibility to model the interior structure of a building.

Not only the geometry, but also other related information regarding the en-
ergy systems can be stored by using the extensions provided by this standard,
the so-called ADEs:

- Utility Network ADE: CityGML ADE for the modelling of utility net-
works in 3D city models. The UtilityNetworkADE defines topological
network models, either thermal or electrical.

- Solar ADE : “The Solar ADE manages information of use to local au-
thorities for encouraging the adoption of solar energy”.

- Energy ADE : The CityGML Energy ADE extends the CityGML stan-
dard with the required information to perform energy simulations and
to store the corresponding results.

Considering the four data families presented in section 2.1, the data is cur-
rently obtained from:

D1. Weather data. SimStadt can call INSEL to obtain ambient tempera-
ture and global radiation values of any country around the world. The
database that INSEL uses provides only monthly values. The hourly
ones are then calculated also with INSEL, the radiations by following
the Gordon-Reddy model [88] and the external temperature with the
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Erbs-Klein-Beckman correlation [72].
SimStadt can also handle TMY data, but the user must provide it.
The Ci-NERGY platform, on the contrary, is able not only to read TMY
filesb (which are already available on the server), but also extract the
data from weather platforms depending on the location defined in the
CityGML file. This databases contain at least hourly external temper-
ature and horizontal global and diffuse radiation. So far, only Switzer-
land, through the MeteoSwiss platform, is connected. The Weather
preprocessor is intended to be gradually extended by extracting the
information from other national weather platforms.

D2. Geometry and location. Both platforms handle CityGMLc data
models. For the building model, the Level of Detail must be LoD2
or higher. The geometry of the DHN and the solar systems are not
yet automatized because the corresponding ADEs are still on an early
stage of development (the first release is planned for December 2019).
Nevertheless, the author participates actively in the development of
the Utility Network ADE, and it is planned to be incorporated to the
platforms in the future.

D3. Construction data. Both platforms can extract the data either from
the CityGML Energy ADE file or from a predefined Construction li-
brary. A Library Editor is also available to create new Construction
libraries for SimStadt, and the Ci-Nergy platform has already the li-
braries available on the server. The Construction library is accessed
by the type of building and the period of construction, following the
concept of descriptors and IDefaults already defined by Robinson et
al. in [174]. From the two descriptors, the period (or year) of con-
struction, must be provided within the CityGML data model. At the
same time, the type of building is internally defined depending on the
building geometry, producing one of the five categories: Single Family
House, Multi-Family House, Big Multi-Family House, Row House and
High Tower during the geometrical preprocessing. They are then used
to access default values (iDefaults) from the corresponding library. The
available Construction library up to now is based on the German stan-
dard Deutsche Gebaeudetypologie, Institut Wohnen und Umweltd (2003
[104] and 2011 [105]) including the EnEV2014 [71] standards. It has
relevant information on construction composites, such as the number

bMeteonorm[170] is a combination of data sources and calculation tools that provides
access to typical years and historical time series in the format of TMY files.

cBy ‘CityGML’ it must be understood not only the Base 3D model but also the corre-
sponding ADEs.

dGerman Building Typologies, Institute for Housing and Environment
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of layers per wall, differentiating if it is external or internal wall, roof or
ground. It also contains thermophysical and radiometric properties of
the layers, including thickness, density, heat transfer coefficient, specific
heat capacity or short-wave reflectance. Also, the windows’ construc-
tion and window ratio, together with infiltration ratio or global thermal
bridges transmittance.

D4. Human behaviour and internal loads data. In the same way,
the user-related parameters can be obtained either from the Energy
ADE model or from the corresponding library, the Usage library. A
Usage Library Editor is also available for SimStadt. This library is
accessed by building usage (descriptor provided within the CityGML
file) and stores two different levels of detail of deterministic iDefaults.
In essence, fixed annual values or hourly values organized in five typical
days. The data that can be found is related to occupancy, including
convective and radiative internal gains due to presence, electrical appli-
ances and lighting and DHW consumption, together with setpoints and
ventilation ratio. Two Usage libraries are already incorporated into the
platforms for two different countries. The first for Switzerland, based
on the Swiss norm SIA380 [193], and the second one from the German
standards DIN 18599-10 [65], VDI 3807-2 [203] and VDI 2089-1 [202].

3.2 Step 2. Data preprocessing

Some information is mandatory and should directly come from the different
databases. This unavoidable data is, depending on the model:

- Common data:

- Location: The location allows access to the weather data and
provides ambient temperature and global (or beam) and diffuse
radiation.

- Geometry: The buildings’ geometry at any LoD must be provided.
The DHN geometry is needed depending on the target. If the
installation of a new DHN is studied, then the geometry of the
streets and roads are required; if, on the contrary, an existing
network wants to be analysed, then its layout must be provided.
The same applies to the solar systems.

- Specific for Building model:

- Period of construction: The type of construction of a building
profoundly influences its thermal energy demand. The year or
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period of construction of the building is essential to access the
data related to the type of construction; e.g., the layers that make
up the walls, the windows characteristics, or the air infiltration
rate.

- Building usage: The internal gains of a building also influences
the demand, being its impact higher when the building is better
isolated. These internal gains depend on the building usage, not
only the total amount, but also how this amount is distributed
along the day or week.

With this minimum data, all other parameters required by the different mod-
els can be either calculated or assumed. The process integrates systematic
and automatic data preprocessing for different LoD and data availabilities,
but up to now, only the preprocessing related to the building model has been
developed. Other procedures will be integrated when the Utility Network and
Solar ADEs are available.
The Weather preprocessor has several functions; it calculates the beam and
diffuse radiations on the external surfaces (walls and roofs) using SRA (see
section 2.2). Also, it calculates the sky temperature as a function of the
ambient temperature following, the Swinbank correlation for clear skies [195]
(equation 3.1).

Tsky = 0.0552 T 1.5
amb − 273.15 (3.1)

Where the ambient temperature Tamb is expressed in Kelvin and the sky tem-
perature Tsky in Celsius. And finally, calculates two ground temperatures.
The virtual ground temperature is calculated as a function of the external
temperature, following the ISO 13370:2007 [103] (see section 4.4), used for
the building demand simulation. And, the undisturbed ground temperature
for the DHN losses calculation, is calculated as the mean ambient tempera-
ture of the year.
The Geometrical preprocessor defines the building’s internal zoning (see sec-
tion 3.3) and its type in case that it is not explicitly described in the CityGML
model. The type is defined according to the IWU building typology library
[105] –further developed in the TABULA [133] project– which defined the
following logic:

1. If the total height is over 20m, the building is defined as High Tower
(HH).
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2. Else, if the total height is over 16m, the building is defined as Big
Multi-Family House (GMF).

3. Else, if the total height is over 11m, the building is defined as Multi-
Family House (MFH).

4. Else, if any of these conditions are met, the building is defined as Row
House (RH): the footprint area is over 200m2, the number of dwellings
is larger than 2, or the ratio between shared wall area and total external
wall area is greater than 0.2.

5. Else, the building is defined as Single-Family House (EMF).

This preprocessor also calculates:

- The windows ratio (for LoD2) is extracted from the Construction li-
brary depending on the Year of Construction (YoC). With this value,
virtual windows are created for the corresponding external walls or
roofs.

- Geometrical parameters of the internal rooms, including the view fac-
tors for the long-wave radiation exchange and the internal solar frac-
tions for the transmitted solar radiation distribution. The view factor
is the proportion of the radiation, which leaves surface i that strikes
surface j, and it is defined as in equation 3.2. They are calculated using
Monte Carlo Ray Tracing.

Fi,j =
1

Ai

∫
Ai

∫
Aj

cos θi cos θj
πS2

dAj dAi (3.2)

Where the areas Ai and Aj are measured in m2 and the distance that
separates them S in m. The description of the different parameters is
presented in Figure 3.4.

- The thermal bridges (this calculation is explained in detail in chapter
4).

- The virtual layer of the surfaces touching the ground (see section 4.4)
using the definition of the construction of every surface and the ground
characteristics if known. If there is no information about the basement
(LoD2) and/or about the ground, these hypotheses are taken:

- Groundwater has a negligible effect on the heat transfer.
- The floor consists of a slab in contact with the ground over its

whole area. This corresponds to the construction option (a) ‘slab-
on-ground floor’ presented in Figure 3.5.

If more information about the basement is provided, then the applicable
case is selected from the ISO 13370-2007 norm:
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Figure 3.4: View factor between two differential areas in arbitrary configu-
ration (Source: Dov Grobgeld under creative commons.)

(a) Slab-on-ground floor. (b) Suspended floor. (c) Basement.

Figure 3.5: Basement construction options (Source: [103]).

- Slab-on-ground floor (Figure 3.5(a)).
- Suspended floor (Figure 3.5(b)).
- Heated basement (Figure 3.5(c)).
- Unheated basement (Figure 3.5(c)).
- Partly heated basement (Figure 3.5(c)).

Finally, the Usage preprocessor generates, on one side, one-year time series
with a time-step of one hour for human behaviour and internal loads. It
provides convective and radiative internal loads as well as heating and cool-
ing set temperatures and air renovations due to ventilation. The data is
extracted from the Usage library by building usage to create an entire year
either from annual values or from typical days if available. Therefore, no ex-
ternal or internal dependencies (e.g. weather conditions or internal comfort)
are considered yet. These dependencies would provoke steps backwards and
loops in the software workflow, thus only the Ci-Nergy platform could in the
future be able to manage them. On the other side, the Usage preprocessor
generates the input file required by DHWCalc. DHWCalc is a tool that gen-
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Figure 3.6: Simulation workflow.

erates DHW profiles on a statistical basis depending among others, on the
number of occupants and the total mean daily volume of DHW used in the
building. This tool has been integrated into the workflow to complete the
thermal demand of the buildings. This tool was developed within the scope of
the Solar Heating and Cooling Program of the International Energy Agency
(IEA-SHC), Task 26: Solar Combisystems by Kassel University [110].
Other urban characteristics could be added in the future to the workflow at
this step, for example, UHI, street canyon effects or vegetation shadowing.
Also, some building parameters like stochasticity in human behaviour could
be included by, for example, plugging a software like NO-MASS [10].

3.3 Step 3. Model definition

The model definition depends on the simulation target. Thus, it can be
defined either the whole system or only the buildings (Figure 3.6). When
only the building demands are required, the thermal models of every building
in the region selected are defined and sent to be simulated independently one
from each other. If the target is the complete system, then two options can
be considered:

1. If the purpose is to simulate the system as it is to perform predictive
analyses, then all the parameters of the network and systems must be
extracted from the databases. Then, this information together with
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the data to define the buildings would be used to define the complete
model and sent to the simulation step. This option is not yet available
due to the status of the Utility Networks ADE.

2. If, on the contrary, the purpose is to perform what-if analyses, then
a DHN is automatically generated (this capability is provided already
by the SimStadt platform). A what-if analysis is done by running
pre-set scenarios to answer the question ‘What if we do this?’. In the
case we are concerned, the question is ‘What if we install a DHN to
supply heat to a defined area?’. The automatic generation of DHNs is
based on the buildings demands and the location of those buildings as
well as the roads and other city’s infrastructure defined in the input
data. The solar system is also automatically dimensioned based on
a few user inputs. This dimensioning is addressed below. The just
generated parameters, together with the required input to the buildings
simulation, are sent to the next step.

At this point, depending on the information available, all or some of the
following hypotheses are taken. Related to the input data:

D1. Weather data: Some needed inputs like the ground or sky tempera-
tures, which usually are not included in the databases, are calculated
during the weather preprocessing (section 3.2).

D2. Building geometry and location: The model can simulate build-
ings with internal zone divisions, which allows assuming some internal
zoning. For LoD2 or LoD3, where no internal structure is provided, it
is assumed that the building is divided vertically, assigning one thermal
zone to each storey. Internal ceilings are added to the model, and the
air volume is reduced by the volume occupied by these surfaces. This
assumption implies that only buildings with the same footprint at all
storeys can be handled (Figure 3.7). Information related to cellar can
be externally provided, clarifying if the cellar exist and, in that case,
if it is conditioned or not. If this information is not furnished, it is
assumed that there is no cellar and, therefore, the floor is in contact
with the ground. The attic is assumed to be ventilated, but not heated.
Finally, if the model does not include windows (LoD2), the window ra-
tio extracted from the database is assigned to all external walls, except
for shared walls, and these last ones are treated as adiabatice. If the

eIf in the data models there are two walls closer than 0.25 meters, then they are
considered adjacent and are treated in the simulation model as shared walls for both
buildings
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Figure 3.7: Division of LoD2 and LoD3 building models by number of storeys.

data model is LoD4, the thermal model is built with the information
of the internal structure. The location is a mandatory parameter.

D4. Human behaviour and internal loads data: The time series val-
ues prepared in the previous step are assigned to each thermal zone
depending on its usage that must be specified in the CityGML file. If
the LoD is lower than 4, it is assumed that the whole building has the
same usage, unless there is a mix-usage of the building (‘sales + apart-
ment building’ or ‘sales + office’) and it has more than one storey. In
this case, the usage ‘sales’ is assigned to the base storey, and all the
rest have the other usage (‘office’ or ‘apartment building’).

Related to the models’ definition:

1. Network. It is a two-pipes network without storage and with a con-
ventional supply system.

2. Solar system. One solar system is placed at each building roof, con-
verting it in a ‘prosumer’. The storage tanks belong to the solar sys-
tems.

Solar System dimensioning.

The hypothesis followed in the dimensioning process is that the systems
should be thought to cover each single-building demand up to the maximum
size that the roofs allow. Meaning that the total solar area of one collector
field may be smaller than the maximum area that could fit on the corre-
sponding roofs.



3.3. STEP 3. MODEL DEFINITION 45

Figure 3.8: Solar system schema.

The predefined solar system schema is presented in Figure 3.8. Its main com-
ponents are the solar collector field, a storage tank and two heat exchangers,
one that separates the collector field from the rest of the system and a second
one that connects the ‘prosumer’ with the district heating network.
Therefore, the values to be dimensioned are:

- Total area of solar collectors filed.

- Azimuth and tilt of collector field.

- Heat exchangers’ overall heat transfer coefficients.

- Tank volume.

The total area of the solar collector field depends not only on the
available roof area but also on the demand as previously commented. To
take into account the building demand before the simulation is performed,
a reduction factor based on the German Standards “KfW-Effizienthaus” [2]
was defined. The “KfW-Effizienthaus” standards define the construction
requirements that a building must satisfy to obtain a specific label: 55, 70,
85, 100 and 115. Those numbers refer to the percentage of a standard heating
demand (also defined in the norm) that the building constructed following
the specifications may have.
The reduction factor due to a low demand is then defined as:

Rfdem =
KfWvalue

100
(3.3)
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This reduction factor is a suggestion of the workflow but can be modified by
the user.

Romero, L. et al. [178] defined a systematic process to evaluate the usable
roof area for both PV and solar thermal, depending on the available geo-
metrical data of the building is defined. According to them, the maximum
collector area depends on a list of restrictions that diminish the total available
roof area. This restriction leads to a set reduction coefficients:

- Construction restrictions : space already occupied by elements located
on the roof, such as elevators, air extractors, chimneys, stairwells, water
tanks, HVAC installations or windows.

- Protected buildings : applied when, for some reason, no facility can be
built on, due to historical considerations, for example.

- Separation of panels : it considers the distance between the panels to
avoid reciprocal shadowing.

- Service area: the necessary space for maintenance and access.

They also propose some values for the coefficients either individually as is
the case of the Construction restrictions or together, like the service area and
separation of panels:

- Construction restrictions : CCON = 0.8 for flat roofs, CCON = 0.9 for
pitched.

- Protected buildings : If the building is protected, then CPROT = 0,
otherwise CPROT = 1. If no information is provided, it is assumed that
the building is not protected.

- Separation of panels : CGCR = 0.46 for flat roofs, CGCR = 0.9 for
pitched.

- Service area: This factor is already included in CGCR.

Thus, the total collector field area [m2] is calculated as:

Acoll = AroofRfdemCCONCPROTCGCR (3.4)

where Aroof is the total available roof area [m2].
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The azimuth and tilt of the collector field correspond to those of the
roof in case of tilted roofs. If they are flat, then the orientation is south,
and the tilt corresponds to the latitude of the location (with a minimum
of 15◦to assist thermosyphon effect), which give the optimum collector tilt
from September to March according to the AEE-Institute for Sustainable
Technologies [75].

Heat exchangers’ overall heat transfer coefficients. The heat ex-
changer connected to the solar field (HX1) depends on the collector field
area and the one connected to the network (HX2) on the demand and the
temperatures on the net. The minimum overall heat transfer coefficients are
defined as:

UAHX1 =
1000[W/m2]Acoll

5[K]
(3.5)

where 1000[W/m2] is the design irradiance in W/m2 of solar collector area,
and 5[K] is the minimum difference between the temperatures of the one and
the other circuit.

And:

UAHX2 =
Q̇max

5[K]
(3.6)

where Q̇max [W] is the building’s maximum demand.

Tank volume. For the dimensioning of the tank, the conclusions extracted
from [142] were followed, leading to a range of possibilities that go from a
ratio of tank volume to solar area of 0.05 m3/m2 to 0.2 m3/m2 (the typical
ratio in systems to cover only DHW is from 0.05 to 0.08 m3/m2 [218, 166]).
The proposed value to the user is 0.15 m3/m2, but this value can be modified.

Heat Pump plus PV systems dimensioning.

In this case, the hypothesis taken is that all extra electricity generated and
not used by the Heat Pump (HP) can be fed into the grid and, therefore, the
PV collector field can be sized to the maximum allowed by the roofs.

The electricity hourly generated by the PV panels at each roof is
calculated as:
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Figure 3.9: COP of air-water heat pumps.

PPV =

roofs∑
i=1

(Ii Ai) CCON CPROT CGCR ηPV (3.7)

where Ii [W/m2] is the hourly irradiance on roof i, Ai [m2] is the area of the
corresponding roof, and ηPV [-] is the efficiency of the PV system that in-
cludes the modules efficiency and the system performance ratio. Finally, the
reduction coefficients are the same ones previously described for the thermal
solar panels.

The assumptions taken for the heat pumps dimensioning are:

1. The nominal power (PHPnom [kW]) of the heat pumps is calculated as:

PHPnom = 0.85Pmax (3.8)

where Pmax [kW] is the maximal demand of the building over the year.

2. An electrical back-up heater is added to cover the peaks, which is the
Business As Usual (BAU) [140].

3. No electrical storage is considered.

4. The PV panels serve each corresponding heat pump when possible. If
there is not enough electricity from PV available, the heat pumps use
the grid.

5. If there is excess of PV electricity production (after covering heat pump
needs), it is sent to the grid.

Finally, the COP [-] (Figure 3.9) at every hour is calculated as:

COP = −0.0006T 2
amb + 0.0856Tamb + 2.3471 (3.9)
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where Tamb is the ambient temperature in ◦C. This equation has been derived
from the analysis of heat pump efficiency in real-live conditions carried out
by the Fraunhofer ISE Institute between 2005 and 2010 [140].

3.4 Step 4. Simulation

Not only the workflow, but also the simulation models are very modular.
Hence, the three main models, including buildings, district energy network
and solar supply systems, are separated and can be simulated together in
two different ways depending on the platform used. If SimStadt is used,
the data exchange goes only one way. Thus, the buildings demand is firstly
simulated. In a second step, the solar system models are simulated together
with the network using the results of the building simulation as input. If the
Ci-NERGY platform is used, either the same workflow is followed (first demand
calculation and then network and solar systems together), or all three models
can be co-simulated f. Furthermore, using INSEL each component of the
building and supply system models is written in a different block to be later
interconnected according to the system definition and simulated.

The hypotheses taken at this point can be divided into two groups: those
common to all models and those specific for one model or a part of it. The
specific hypotheses are explained for every model in the corresponding chap-
ters 4 and 5. The common hypotheses are:

- The reflection of the solar radiation in the urban context is diffuse.

- No stochasticity is yet considered except for the DHW calculation.

- The long-wave radiation couplings between buildings are not handled.

Moreover, both models use explicit methods for solving the equations system.
The advantages of choosing an explicit method are mainly its simplicity and
the computational effort. But, if the problem to be solved is stiff, i.e. it
can be numerically unstable, then the explicit methods require very small
time-steps to ensure stability. That means that much more computational
time is required, increasing the worth of implicit methods. Nevertheless,
both models include stability conditions that ensure the obtention of results
at calculation periods of no less than 2 minutes. And, even though this small
time-step requires much larger computational time, this drawback is solved

fWhen writing these words, this second option is not yet available, but still work in
progress.
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by splitting the model into many machines thanks to its modularity. These
methods are explained in more detail in chapters 4 and 5.

3.5 Step 5. Results postprocessing and pre-

sentation

The simulation results provided by the tools are, at every hour:

1. Related to the ‘prosumer’ model, which include the solar system and
the building:

- Internal temperatures of each room.
- Heat demand (heating or cooling) of each room.
- Solar energy absorbed by the panels.
- Temperatures and volume flows in the pipes and into the storage

tank.
- Storage tank heat losses.

2. Related to the network model:

- Critical pressure.
- Heat loses to the ground.
- Water flows through every pipe.
- Temperature and pressure at each node.

3. Related to the DHW from the tool DHWCalc:

- Heat demand for water preparation.

All hourly values can be downloaded as a .csv file. And, the monthly energy
values can also be visualized in bar-charts. Finally, the annual heat demand
can be visualized in 2D or 3D GIS maps.

3.6 Conclusions of Methodological approach

and Model structure

In this chapter, the workflow followed by the two Urban Energy System sim-
ulation environments has been introduced, and the role of each independent
step that conform the workflow has been clarified. Also, it has been defined
the limits of the contribution of this thesis, which is focused on steps 2 to
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4. Each step was presented in detail, explaining their inputs and outputs, as
well as their purposes and internal processes, except for the definition of the
models embedded in the tool. These are tackled in the following chapters.
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Chapter 4

The Building model

This chapter presents the developed building model. First, its physical de-
scription is explained, focusing on the set of heat transfer equations that
make up the complete model. After that, the clustering of those equations
in separated blocks, as well as their resolution processes, are discussed. The
last section presents the verification of the model using BESTEST, and its
results are also compared to those obtained by EnergyPlus.

4.1 Physical description of the building model

The dynamic building model aims to calculate the thermal energy demand
for air conditioning of one building based on the physical nodal method. This
method is widely used for building simulation.

According to Foucquier et al. [76], the principal assumptions taken by this
method are:

- Each building zone is a homogeneous volume characterised by uniform
state variables.

- A node represents the air inside a room, a wall, a window or the exterior
of the building.

- The thermal transfer equations are solved for each node of the system.

- The nodal method can be considered as a one-dimensional approach.

Figure 4.1 illustrates the energy flow paths considered for the building model.
The traditional energy flow paths in buildings [51] also consider furniture

53
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Figure 4.1: Energy Flow Paths (Source: adapted for this thesis by Alfonso
Garćıa-Leyaristy from [51]).

and latent flows, which are not included here. However, the ground surface
is explicitly studied, which is not done in the traditional model. Also, the
heat transfer due to thermal bridges is taken into account using a semi-
empirical solution. The thermal performance of the building envelope can be
greatly affected by thermal bridges [96, 45], and yet they are rarely included
in building models [25]. Finally, note that natural airflow between different
zones is not included. The nodal model is a thermal model, and therefore it
is not able to represent the difference in pressure between zones, which is the
driving force of the natural airflow.

Starting from the energy balance in the air point node of every thermal zone,
the energy flows are broken down step by step to explain the building model.
The demand is calculated as the heat needed to reach and maintain the
temperature setpoint at the air point node.

dU

dt
= Q̇conv + Q̇TB + Q̇vent + Q̇inf + Q̇IGconv + Q̇sys conv + Q̇dem (4.1)

where the internal energy variation over time of the room’s air (dU
dt

) is a
function of its temperature (Troom):

dU

dt
= mcp

dTroom
dt

(4.2)
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Figure 4.2: Ventilation and infiltration (By R. Monsalvetea).

where m [kg] is the mass of the air inside the room and cp [J/kgK] its heat
capacity. dTroom

dt
is the variations over time t [s] of the air temperature, Troom

[◦C]. Q̇vent [W] and Q̇inf [W] are the mechanical ventilation (external air
mass flow, ṁvent [kg/s], voluntary introduced at a temperature Tvent [◦C]
to maintain good air quality) and infiltration (involuntary external air mass
flow, ṁinf [kg/s], at ambient temperature Ta [◦C] into the volume) heat
inputs respectively (Figure 4.2):

Q̇vent = ṁventcp(Tvent − Troom) (4.3)

Q̇inf = ṁinfcp(Ta − Troom) (4.4)

All parameters of both equations (except Troom [◦C]) are inputs to the model.
Q̇IGconv [W] and Q̇sys conv [W] (Figure 4.3), which are the convective heat
inputs due to casual gains (or internal gains) and convective fraction of the
heat emitted by the thermal systems (plants), are also inputs to the model.
Therefore, these parameters do not need to be internally calculated.

The term Q̇TB [W] appears due to the one-dimensional heat transfer model of
the nodal method approach. The points (e.g. corners) and linear details (e.g.
two walls intersection, window-wall junction) must be treated separately.

Q̇TB = HTB(Ta − Troom) (4.5)

where Ta [◦C] is the ambient temperature, and HTB [W/K] is the total heat
transmittance due to thermal bridges at each thermal zone. The last one

aRoćıo Monsalvete Álvarez-Uŕıbarri. Arquitectura e Interiorismo (rociomonsalvete.
com).

rociomonsalvete.com
rociomonsalvete.com
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Figure 4.3: Convective loads (By R. Monsalvete).

Figure 4.4: Thermal bridges (By R. Monsalvete).

may come as a fixed value for the complete building from the Construction
library or be calculated during the Geometrical preprocessing.
If the first option is chosen, the value from the construction library is divided
by volume between all building thermal zones. If the needed data for a more
detailed calculation is available, then the heat transmittance is calculated as:

HTB =
∑

(Ψi · Li) +
∑

χj (4.6)

where Ψi [W/mK] is the linear heat transmittance value of detail i, Li [m] is
the total length of the linear detail i in the analysis zone, and χj [W/K] is
the point heat transmittance value of detail j.

Note that in equation 4.1, two terms of convective supply systems appear:
Q̇sys conv [W] and Q̇dem [W]. The first term, Q̇sys conv, is an input to the model
when the convective part of the heat delivered by supply systems is known.
The radiative part of the heat delivered by the supply systems is also an
input to the model, but it is associated with the surfaces surrounding the
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zone (equation 4.8). The second term, Q̇dem, is an output and represents the
needed convective heat flow to achieve the required set temperature, Troom [
◦C]. Equation 4.1 can also be used to calculate the temperature of the node

if (Q̇dem = 0).

Q̇conv [W] is a function of Troom [◦C], and its calculation is developed hereun-
der. It is the sum of all internal convective flows. The internal convection is
caused by the difference between the temperatures of the different enclosures
(walls, windows, doors and ground) and the air node. It is obtained from 4.7
using inputs from 4.8) for every enclosing surface:

Q̇conv = −
∑
i

(q̇conv iAsurf i) (4.7)

∀i, du

dt
= q̇conv + q̇cond + q̇rad lw + q̇rad sw + q̇IGrad + q̇sys rad (4.8)

where q̇IGrad [W/m2] and q̇sys rad [W/m2] are the radiative component of ca-
sual gains and radiant plants respectively and are inputs to the model (Fig-
ure 4.5). In both cases, the radiation is assumed to be equally distributed
between the surrounded surfaces according to their areas. q̇cond [W/m2] is
the conduction through room enclosures and is calculated using the one-
dimensional heat transfer equation of the Finite Difference Method (FDM)
(see section 4.4). q̇rad sw [W/m2] is the incident short-wave radiation (equa-
tion 4.12). This is the fraction of the transmitted solar radiation that enters
the room through the transparent enclosures (windows) which is absorbed
by the room enclosure. It can be divided between direct (q̇sw b [W/m2]) and
diffuse (q̇sw d [W/m2]) radiation (see Figures 4.6 and 4.7). And:

du

dt
= mcp

dTi
dt

= ρ x cp
dTi
dt

(4.9)

q̇conv = hci(Ti − Troom) (4.10)

where x [m] is the virtual thickness of the surface where dT occurs and is
defined as half of a sublayer. A sublayer is each division of every layer that
make up a wall, and it must accomplish the stability condition Fo < 0.5
(refer to section 4.4).

Figure 4.6 shows how the direct radiation enters the room through the win-
dow and hits a small part of the floor. This solar spot moves along the day
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Figure 4.5: Radiative components of casual gains and radiant plants (By R.
Monsalvete).

Figure 4.6: Transmitted direct solar radiation (By R. Monsalvete).

Figure 4.7: Transmitted diffuse solar radiation (By R. Monsalvete).
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with the sun changing the temperature of the surfaces. Following this process
has high computational costs, so three approaches are usually used to solve
this problem [60].

- Predefined distribution (60% to the floor and the rest is divided per
area between the rest of surfaces).

- Approximated distribution (using correlations).

- Backwards-ray-tracing methoda.

That is calculated during the Geometrical Preprocessing accounting with the
walls’ absorptivity. As a result, the simulation model receives the direct and
diffuse solar fractions (SFsw [-]) on every enclosing surface. Up to now, the
method used for this calculation is the predefined distribution.

q̇rad sw = q̇sw b + q̇sw d (4.11)

q̇sw b = SF b
sw

∑
wi gwiIbiAwifwi(1− fbi)

Aj
(4.12)

q̇sw d = SF d
sw

∑
wi gwiIdiAwifwi(1− fbi)

Aj
(4.13)

where Ibi [W/m2] and Idi [W/m2] are the direct and diffuse solar radiation
at the window’s tilt, respectively, and include the effect of external shadows
and reflections. These values are inputs to the building model. Awi [m2] is
the area of each window, fwi [-] their glass-frame ratio (fwi = 1 would mean
only glass), gwi [-] their direct-beam transmittance at normal incidence and
fbi [-] the darkness factor due to blind devices (fbi = 1 is completely dark).

Back to equation 4.8, the last term to be defined, q̇rad lw [W/m2], refers to
the internal long-wave radiation. This radiation is calculated as (i refers to
the cited surface and j to the rest of them in a given enclosed volume):

q̇rad lw = Ei − εi

∑n
j=1 (AjFij(Ej + (1− εj)qrad))

Ai
(4.14)

where:

Ei = σεiT
4
i (4.15)

qrad =

∑n
i=1EiAi∑n
i=1 εiAi

(4.16)

aFor a better understanding see [22].
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where σ = 5.67x10−8 [W/m2K4] is the Stefan-Boltzmann’s constant, εi [-]
is the emissivity of surface i, and Ei [W/m2] refers to the radiant energy
emitted by surface i due to its temperature Ti [◦C]. The view factor Fij [-]
is the proportion of the radiation, which leaves surface i that strikes surface
j. The view factors can profoundly impact the thermal demand calculation
(errors can rise to 20% of yearly thermal demand), being more acute in colder
climates. [59]. They are also calculated during the Geometrical Preprocessing
(step 2 of the workflow, section 3.2).

It is also contemplated the particular case of enclosures with a low time con-
stant, such as very thin walls or, most commonly, windows (the windows
time constant is usually around one-two minutes. Therefore the environ-
mental conditions can thus be considered constant over the time response
[180]). In that case, the enclosure can be simulated in steady-state condi-
tions and, therefore equation 4.8 gets simplified, and the conductive heat
transfer through the enclosure is calculated with the Fourier equation for
steady-state:

du

dt
= 0 (4.17)

q̇cond = Utot(Ti − To) (4.18)

where Utot [W/m2K] is the overall heat transfer coefficient of the enclosure,
and Ti [◦C] and To [◦C] are the temperatures of the internal and external
surfaces (either outside or an adjacent zone).

Therefore:

0 = q̇conv + Utot(Ti − To) + q̇rad lw + q̇rad sw + q̇IGrad (4.19)

4.2 Structure of the building model in INSEL

According to the idea of creating a very modular building model, this has
been divided into different parts (called blocks) to be connected within the
simulation engine to create the desired building model. All blocks are defined
by parameters (constant values externally defined: by the user or from a
library), containing a subset of the equations described in 4.1 and the solving
process, and are interconnected through sets of inputs and outputs. The
inputs, in contrast to the parameters, are time-varying values that come
either externally (for example the weather values that are provided via text
files) or from other blocks (the outputs of those).
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Figure 4.8: Schema of the block connection.

Figure 4.8 shows a simple schema of the connection between the blocks. In
blue, the outputs for a defined time-step. They are inputs to the next one
(in red). As presented in the schema, the building model has been divided
into five main blocks. In a given building, every thermal zone is modelled in-
dependently through a set of three blocks ROOM, RADI and IRADIA. The
boundaries of a thermal building are modelled using either WALL blocks (if
opaque) or WINDOW blocks (if transparent). The WALL blocks model in-
ternal or external walls as well as ground surfaces (floor touching the ground),
ceilings (internal horizontal surfaces) and roofs. The internal walls and ceil-
ings interconnect thermally two adjacent thermal zones. The following sec-
tions describe the five blocks.

4.3 ROOM block

4.3.1 Model scope and objectives

The ROOM block calculates the air node temperatures under free-floating
condition or the energy load for a set node temperature when system ON. In
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both cases, the calculation is based on the differential energy balance in the
air node.

4.3.2 Physical model description

All heat flows are considered constant during the time-step of calculation.
That means that the differential equation can be solved using the Euler
method. The enclosures’ temperatures to calculate the internal convection,
as well as the temperature of the air node used to calculate the heat input
from ventilation, infiltration and thermal bridges, are constants and equal to
the result of the previous time-step.

∆U

∆t
= Q̇conv + Q̇TB + Q̇vent + Q̇inf + Q̇IGconv + Q̇sys conv + Q̇dem (4.20)

where:

∆U

∆t
= Vroomρaircp air

Troom(t+ ∆t)− Troom(t)

∆t
(4.21)

Q̇cool = Q̇dem, if Q̇dem < 0

Q̇heat = Q̇dem, if Q̇dem > 0

Q̇inf and Q̇vent are calculated as:

Q̇inf = Vroomninfρaircp air(Ta − Troom(t)) (4.22)

Q̇vent = Vroomnventρaircp air(Tvent − Troom(t)) (4.23)

So:

Troom(t+ ∆t) = Troom(t) +
∆t

Vroomρaircp air

· [Q̇heat + Q̇cool + Q̇IGconv + Q̇conv + Q̇sys conv

+ Vroomnventρaircp air(Tvent − Troom(t))

+ Vroomninfρaircp air(Ta − Troom(t))

+ HTB(Ta − Troom(t))] (4.24)

The first time this block is called by the simulation engine, it is calculated
under free-floating conditions for initialization, so Q̇heat = Q̇cool = 0. For
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all other calls, the calculation process is as follows: Troom is calculated with
equation 4.24, considering Q̇heat = Q̇cool is 0. If the heating system is ON
and the temperature calculated results lower than Tmin, then Troom(t+∆t) =
Tmin, Q̇cool = 0 and eq. 4.24 is used again to calculate Q̇heat. This result
is obtained considering ideal unlimited capacity systems, and it is used to
calculate demand. If the model has a system with limited capacity, then a
second check must be done: if Q̇heat > Ph, then Q̇heat = Ph and Troom((t+∆t)
is calculated again as a final result.

The same process is followed if the cooling system is ON. The temperature
is first calculated, if it is higher than Tmax, then Troom(t + ∆t) = Tmax,
Q̇heat = 0 and Q̇cool is the result of equation 4.24. Again, if the cooling
system has limited capacity, then if Q̇cool < −Pc, then Q̇cool = −Pc and
Troom((t+ ∆t) is finally obtained.

4.4 WALL blocks

4.4.1 Model scope and objectives

The WALL block describes the conducting heat transfer through an opaque
envelope element. There are three types of wallsb modelled in the same block:
internal wall (WALL block), external wall (WALLX block) and wall touching
the ground (WALLG block).

The block solves the one-dimensional heat transfer equation of a wall con-
sisting of several layers, varying thickness and material properties (density,
heat conductivity and heat capacity). Short-wave and long-wave radiation
on the wall together with the air and/or ground temperatures are given as
boundary conditions.

4.4.2 Physical model description

The forward FDM [106] is used to solve the one-dimensional heat transfer
problem.

1. Resolution process:

bThe word wall is used in this section for walls but also floors, ceilings and roofs.
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If the wall consists of only one layer and its time constant (calculated as

τ = e2ρcp
λ

) is shorter than the simulation time-step, the wall is considered to
be in steady-state and is solved as followsc:

The internal surface of each wall is modelled with the same equation:

q̇radi + hci(Troomi − Ti) =
λ

e
(Ti − To) (4.25)

But, the other surface depends on the type of wall, in case of internal walls
(WALL block):

q̇rado + hco(Troomo − To) =
λ

e
(To − Ti) (4.26)

And, in case of external walls (WALLX):

q̇sol + heq(Teq − To) =
λ

e
(To − Ti) (4.27)

heq(Teq − To) = hco(Ta − To) + Fwall−sky hro(Tsky − To) (4.28)

where [92]:

hco = hco1 + hco2 ws (4.29)

Finally, the ground walls (WALLG) do not need to be model at the external
surface as the temperature at that point is provided.

If the wall has more than one layer, then from layer 1 to n, the time constant
of every layer is compared to the simulation time-step. If the time constant
is shorter than the time-step, this layer is added to the previous one and its
parameters are recalculated as (Figure 4.9):

e′ = e1 + e2 (4.30)

λ′ =
e′

e2
λ2

+ e1
λ1

(4.31)

ρ′ =
e1ρ1 + e2ρ2

e′
(4.32)

c′p = cp1

(
ρ1e1

ρ′e′

)
+ cp2

(
1− ρ1e1

ρ′e′

)
(4.33)
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Figure 4.9: Layers aggregation in a wall.

Figure 4.10: Sublayers’ temperatures.

Once all layers are analysed, if the result of this aggregation is a one-layer
wall still in steady-state, then it is again solved with equations from 4.25 to
4.29. Otherwise, the wall is dynamically simulated following the FDM to
solve the one-dimensional heat transfer problem. All layers from 1 to n′ (the
result of the aggregation process) are divided into sublayers (Figure 4.10), so
that the stability condition (Fourier number: Fo < 0.5) is fulfilled at every
sublayer [46]:

λi∆t

ρicpi∆x2
i

< 0.5 (4.34)

If any subdivision is too thin (< 0.02 m), then the time-step for the cal-
culation of that sublayer is reduced as much as needed to fulfil the criteria
keeping the differential thickness fixed in 0.02 m.

2. Boundary conditions:

The internal boundary conditions are the same for all three walls, while the
external ones depend on the type.

cThis condition is never fulfilled for WALLG as the ground already has a significant
inertia.
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Inside:

Tconv = Troomi (4.35)

q̇radi = q̇rad swi + q̇rad lwi + q̇IGradi (4.36)

Outside:

WALL:

Tconv = Troomo (4.37)

q̇rado = q̇rad swo + q̇rad lwo + q̇IGrado (4.38)

WALLX:

Tconv = Teq (4.39)

q̇rado = q̇sol (4.40)

Tconv is the temperature for the convective exchange.

WALLG:

The ground wall is modelled following the ISO 13370-2007 [103]. It proposes
to model the floor construction together with the ground below the building
as a single component, consisting of each layer in the floor construction plus
0.5 m depth of ground plus a virtual layer. This last one is included so that
the annual average heat flow is correct. It has thermal resistance, but a neg-
ligible thermal capacity and density (≈ 1 J/kgK and 1 kg/m3 respectively),
and a thickness of 0.1 m (Figure 4.11). Finally, the boundary condition at
the bottom of the virtual layer is a virtual temperature Tv,m, depending on
the month.

Tv,m = Ti,m −
q̇m
U

(4.41)

where Ti,m is the monthly mean internal temperature for month m, and q̇m
is the average rate of heat flow through the ground surface in month m and
depends on the internal temperature and the temperature of the ground, Tg.
The calculation of Ti,m, U and q̇m is explained in Appendix A of ISO 13370-
2007. They are calculated during the weather and geometrical preprocessing
(section 3.2).
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Figure 4.11: Definition of layers in ground wall.

The temperature profile inside the wall:

Internal surface temperature. In order to calculate the internal surface tem-
perature, a surface energy balance is done for the boundary layer, using half
of the first sublayer for surface heat capacity (Figure 4.12).

∆ui
∆t

= q̇condi + q̇radi + q̇convi (4.42)

T(1,1)(t) = Ti (4.43)

∆x1

2
ρ1cp1

(T(1,1)(t+ ∆t)− T(1,1)(t))

∆t

=
λ1

∆x1

(T(1,2) − T(1,1)) + hci(Troomi − T(1,1)) + q̇radi (4.44)

Therefore, the temperature of the interior surface can be calculated as:

T(1,1)(t+ ∆t) = T(1,1)(t) +
∆t

∆x1

2 ρ1cp1
· [q̇radi + q̇cond + hci(Troomi − T(1,1)(t))] (4.45)

q̇cond =
λ1

∆x1
(T(1,2)(t)− T(1,1)(t)) (4.46)

External surface temperature depends on the type of wall.

aRoćıo Monsalvete Álvarez-Uŕıbarri. Arquitectura e Interiorismo (rociomonsalvete.
com).

rociomonsalvete.com
rociomonsalvete.com
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Figure 4.12: Energy balance in the internal surface of the wall (By R.
Monsalvetea).

WALL: Following the same logic as before:

T(n+1,1)(t+ ∆t) =

T(n+1,1)(t) +
∆t

∆xn
2 ρncp n

· [q̇rado + q̇cond + hco(Troomo − T(n+1,1)(t))] (4.47)

q̇cond =
λn

∆xn
(T(n,m)(t)− T(n+1,1)(t)) (4.48)

where m is the number of divisions of the last layer.

WALLX:

T(n+1,1)(t+ ∆t) = T(n+1,1)(t) +
∆t

∆xn
2 ρncp n

·

·[q̇sol + q̇cond + hco(Troomo − T(n+1,1)(t)) + hro(Tsky − T(n+1,1)(t))] (4.49)

q̇cond =
λn

∆xn
(T(n,m)(t)− T(n+1,1)(t)) (4.50)

WALLG: The temperature of the layer touching the ground is not an output.

Every other sublayer temperature:.

T(i,j)(t+ ∆t) = T(i,j)(t) +
∆t

∆xi
2
ρicp i

· [q̇cond l + q̇cond r] (4.51)

where q̇cond l and q̇cond r are the conductive flows from previous and following
sublayers to the objective one at time-step = t. Finally, the convective flows
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are calculated:

q̇convi = hci(Troomi − T(1,1)(t+ ∆t)) (4.52)

q̇convo = hco(Troomo − T(n+1,1)(t+ ∆t)) (4.53)

4.5 WINDOW block

4.5.1 Model scope and objectives

The WINDOW block does a steady stage calculation of the behaviour of a
window, including the effect of the internal blinds and curtains.

4.5.2 Physical model description

The window model is divided into two differentiated parts:

1. The conduction through the window is calculated under steady-state con-
ditions:

q̇cond = Uc(Ti − To) (4.54)

Ti = Troomi +
q̇cond − q̇rad lwi

hci
(4.55)

To = Teq −
q̇cond
hcro

(4.56)

hcro = hco + hro (4.57)

hco = hco1 + hco2 · ws (4.58)

Teq =
hcoTa + hroTsky

hco + hro
(4.59)

q̇convi = hci(Troomi − Ti) (4.60)

2. The transmitted solar radiation (Figure 4.13):

q̇d = (1− fb) · gw · Id (4.61)

q̇b = (1− fb) · gw · (Ig − Id) (4.62)

A door is defined as a WINDOW where gw = 0.
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Figure 4.13: Transmitted solar radiation through windows.

4.6 RADI block

4.6.1 Model scope and objectives

The RADI block calculates the internal long-wave radiation between all en-
closing surfaces.

4.6.2 Physical model description

The radiation flux emitted by a surface i in a given enclosure is calculated
as:

q̇rad lwi = εi

∑n
j=1 (AjFij(Ej + (1− εj)qrad))

Ai
− Ei (4.63)

where:

qrad =

∑n
i=1EiAi∑n
i=1 εiAi

(4.64)

and:

Ei = σεiT
4
i (4.65)
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4.7 IRADIA block

4.7.1 Model scope and objectives

It calculates the distribution of solar radiation on the surfaces of the internal
walls, roofs and floors.

4.7.2 Physical model description

The IRADIA block distributes the solar radiation, entering in the room
through all windows between the enclosing surfaces. The radiation corre-
sponding to transparent surfaces is assumed to leave back the room:

∀surface i, q̇rad swi = q̇g
SFi
Ai

(4.66)

where:

q̇g =
∑

(q̇b + q̇d) (4.67)

where q̇b and q̇d are the beam and diffuse solar radiation transmitted through
every window calculated with the WINDOW block.

4.8 Building model verification: BESTEST

Very few real examples exist to allow developers to test building simula-
tion tools and verify their results. Therefore, several norms and guidelines
appeared to set the minimum requirements concerning the methods of calcu-
lation and check the simulation results. This section presents the BESTEST,
which is widely used by building simulation software developers as part of
the standard quality control. The model results are in this section compared
not only with those of the BESTEST but also with EnergyPlus, as it is one
of the most commonly used tools. The EnergyPlus results are provided by
the developers for the version 8.0.0.008 [66].
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4.8.1 BESTEST description

The BESTEST is a project conducted by the Model Evaluation and Improve-
ment IEA Experts Group [111]. In this project, a method was developed for
systematically testing whole-building energy simulation programs and diag-
nosing the sources of predictive disagreement. Based on this project, section
5.2 of ANSI/ASHRAE standard 140-2011, Standard Method of Test for the
Evaluation of Building Energy Analysis Computer Programs [11] was de-
veloped. The test is based on the comparison between the results provided
by the new model and several reference programs that represent the best
state-of-the-art.

4.8.2 Test cases

Two qualification flow diagrams are presented in the BESTEST documen-
tation, low-mass (series 600) and high-mass buildings (series 900), together
with a list of diagnostic cases. These cases, from 195 to 320, were used for
debugging the model before the qualification series were performed. Only
the qualification cases are considered relevant and presented in this chapter.

The basic test building (Fig. 4.14) is a shoe-box (8 m wide x 6 m long x
2.7 m high) building with two windows (6 m2 each) on the south wall and
without interior partitions. This geometry is used for all cases except for
620, 920, which have the windows oriented east-west (Fig. 4.15), and the
Sunspace case 960 (Fig. 4.16), which has an interior partition. The weather
file is provided together with the BESTEST documentation. It corresponds
to the city of Denver, Colorado (latitude 39.8◦north, longitude 104.9◦west,
time zone 7) and is characterized as “cold clear winters/hot dry summers”.
Tables from 4.3 to 4.15 present the parameters needed to build the cases, from
construction characteristics to internal gains definitions or control strategies.

4.8.3 Cases description

All cases of series 600 are based on the Basic Test Building (case 600). From
this, every change is used to test one specific field, specified in column “Test”
of Table 4.14. Case 900 is also compared with the Basic Test Building and
afterwards used as basic case for series 900. Cases 610, 630, 910 and 930 have
not been performed because they test shading overhangs. The radiation on
every external surface, wall or window, is not calculated within the building
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Figure 4.14: Basic test building. Windows oriented south.

Figure 4.15: Tests 620 and 920. Windows oriented east-west.
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Figure 4.16: Sunspace building. Windows oriented south.

model but preprocessed from the data model as any other aspect of the
geometry.That is the reason why these four cases were not considered in the
evaluation of the building model (see chapter 4 for further explanations).
Finally, cases 960 and 990 are exceptional cases. In case 960, the Basic Test
Building is divided into two spaces by an internal wall (See Table 4.12). The
cooling and ventilation systems are connected to the back room, leaving the
front one in free-floating state. The temperatures of this free-floating space
are also reported in the results. The purpose of case 990 is to study the
coupling with the ground. Therefore, the characteristics of the floor as well
as the temperature of the ground are special issues for this case.

Case 990 is the same as case 900, except that:

- The building has sunk 1.35 m into the ground.

- The non-masonry layers have been stripped from the floor and the
sub-grade portion of the walls.

- The south window is reduced in area to 10.8 m2 and completely fills
the above-grade portion of the south wall.

- The ground temperature is not specified. It must be calculated as a
function of the meteorological data, soil properties and heat exchange
with the building.
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4.8.4 Results and conclusions

All simulations were done with a time-step of 5 minutes, but the results are
reported hourly or annually as required.

Figures 4.17, 4.18, 4.19 and 4.20 show the results of cases 600 to 990 and
Figures 4.21, 4.22 and 4.23 those results of considering cases 600, 650, 900,
and 950 in free-floating conditions, together with the front room of the Sun-
space case. The results are compared to the minimum and maximum values
of all programs, together with those of EnergyPlus (for the cases that have
been performed with this program) [66].

The model has successfully past almost all cases. From the 51 results ob-
tained (Tables 4.16 to 4.18), only three are out of the ranges, The peak
heating of cases 640 and 940 and the maximum temperature in free-floating
of case 950. The norm does not require the result to be in the range between
the minimum and maximum to pass each test, but just to not have a signifi-
cant disagreement with the reference programs. Therefore, cases 940 and 950
–whose errors are smaller than 1.6%– are considered passed. Only case 640
seems to produce a considerable error on the calculation of the peak heating
(14% over the upper boundary of the range). That is a pervasive problem
in building energy programs. The BESTEST documentation already warns
about this case: “However, disagreements were particularly large in the peak
heating predictions for thermostat setback cases (640 and 940)...”. In fact,
one of the benchmark programs, SERIRES UK-BRE report also a value out of
the range and even higher than the one obtained with the model (8.078 kW).
Part of the problem may depend on the impact of the inertia in the calcu-
lation of the peak, and that is why this problem appears in case 640 (low
mass) and not in 940 (high mass). Also, EnergyPlus reports this same prob-
lem from previous versions and specify the way they solved it, by modifying
their algorithm for variable system time-step. Modifying the time-step only
at certain moments in the simulation is not trivial to code, and the solution
of this disagreement was left for further studies.

Surface Specified infrared
emissivity 0.9

Specified infrared
emissivity 0.1

Walls and roofs 29.3 W/m2K 25.2 W/m2K
Windows and high-
conductive walls

21.0 W/m2K 16.9 W/m2K

Table 4.1: Exterior combined surface coefficient.
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Surface

Vertical surfaces 3.16 W/m2K
Horizontal ceiling 4.13 W/m2K
Horizontal floor 1 W/m2K

Table 4.2: Interior surface coefficient.

Ground reflectivity 0.2
Site Flat, unobstructed, located exactly

at the weather station
Ground temperature 10 ◦C
Infiltration rate adjustment factor 0.822
Internal generated heat 200 W (60% radiative, 40% convec-

tive; 100% sensible, 0% latent)
Ideal equipments for cooling and
heating

P = 1000 kW and 100% efficiency

Mechanical system 100% convective air system. No la-
tent loads

Ventilation 10.8 Air Changes per Hour (ACH)

Table 4.3: General data.

20,27 Setback Venting

Heating If T<20 ◦C 23:00-07:00, if T<10 ◦C Off
07:00-23:00, if T<20 ◦C

Cooling If T>27 ◦C If T>27 ◦C 18:00-07:00, off
07:00-18:00, if T>27 ◦C

Ventilation Off Off 18:00-07:00, on
07:00-18:00, off

Table 4.4: Control strategies.
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Surface South
Window
cases
α = 0.6

East/West
Window
cases
α = 0.6

South
Window
cases
α = 0.9

East/West
Window
cases
α = 0.9

South
Window
cases
α = 0.1

Sunspace
case

Floor 0.642 0.642 0.651 0.651 0.244 0.6
Ceiling 0.168 0.168 0.177 0.177 0.191 0.06
East wall 0.038 0.025 0.041 0.027 0.057 0.02
West wall 0.038 0.025 0.041 0.027 0.057 0.02
North wall 0.053 0.0525 0.056 0.056 0.082 0.2
South wall 0.026 0.0525 0.028 0.056 0.065 0.03
Solar lost
through
windows
(2x)

0.0175 0.0175 0.003 0.003 0.152 0.035

Table 4.5: Interior solar distribution (100% of the incoming radiation strikes
the floor first and all reflections are diffuse).

Number of panes 2
Double-pane solar heat gain coefficient at normal incidence 0.787
U-value from interior pane to exterior pane 6.057 W/m2K
Total thickness of window 19.35 mm
Double-pane solar heat gain coefficient at normal incidence 0.787

Table 4.6: Window properties.

Element k (W/mK) Thickness
(m)

U
(W/m2K)

Density
(kg/m3)

Cp
(J/kgK)

Int. Surface
Coeff.

8.290

Plasterboard 0.160 0.010 16.000 950 840
Fiberglass
Quilt

0.040 0.1118 0.358 12 840

Roof Deck 0.140 0.019 7.368 530 900
Ext. Sur-
face Coeff.

29.300

Table 4.7: Roof construction (inside to outside).
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Element L k (W/mK) Thickness
(m)

U
(W/m2K)

Density
(kg/m3)

Cp
(J/kgK)

Int. Surface
Coeff.

8.290

Plasterboard 0.160 0.012 13.333 950 840
Fiberglass
Quilt

0.040 0.066 0.606 12 840

Wood Sid-
ing

0.140 0.009 15.556 530 900

Ext. Sur-
face Coeff.

29.300

Table 4.8: Low-mass. Exterior wall construction (inside to outside).

Element L k (W/mK) Thickness
(m)

U
(W/m2K)

Density
(kg/m3)

Cp
(J/kgK)

Int. Surface
Coeff.

8.290

Timber
flooring

0.140 0.025 5.600 650 1200

Insulation 0.040 1.003 0.040

Table 4.9: Low-mass. Floor construction (inside to outside).

Element H k (W/mK) Thickness
(m)

U
(W/m2K)

Density
(kg/m3)

Cp
(J/kgK)

Int. Surface
Coeff.

8.290

Concrete
Block

0.510 0.10 0 5.100 1400 1000

Foam Insu-
lation

0.040 0.0615 0.651 10 1400

Wood Sid-
ing

0.140 0.009 15.556 530 900

Ext. Sur-
face Coeff.

29.300

Table 4.10: High-mass. Exterior wall construction (inside to outside).
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Element H k (W/mK) Thickness
(m)

U
(W/m2K)

Density
(kg/m3)

Cp
(J/kgK)

Int. Surface
Coeff.

8.290

Timber
flooring

0.130 0.080 14.125 1400 1000

Insulation 0.040 1.007 0.040

Table 4.11: High-mass. Floor construction (inside to outside).

k (W/mK) Thickness
(m)

U
(W/m2K)

Density
(kg/m3)

Cp
(J/kgK)

Shortwave
absorp-
tance

0.510 0.20 2.55 1400 1000 0.6

Table 4.12: Internal wall construction.

Conductivity 1.3 W/mK
Density 1500 kg/m3

Specific heat 800 J/kgK

Table 4.13: Soil characteristics for case 990.

Case Setpoints
H, C, V

Mass IntGen Infilt
ACH

Int IR
emissiv

Ext IR
emissiv

Int SW
absorpt

Ext
SW
absorpt

Glass
(m2)

Orient Test

600 20,27 L 200 .5 .9 .9 .6 .6 12 S South solar
transmission

620 20,27 L 200 .5 .9 .9 .6 .6 6,6 E,W East/west so-
lar transmit-
tance/incidence

640 Setback L 200 .5 .9 .9 .6 .6 12 S Night setback
650 Venting L 200 .5 .9 .9 .6 .6 12 S Venting

Table 4.14: Low-Mass diagnostics.
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Case Setpoints
H, C, V

Mass IntGen Infilt
ACH

Int IR
emissiv

Ext IR
emissiv

Int SW
absorpt

Ext
SW
absorpt

Glass
(m2)

Orient Test

900 20,27 H 200 .5 .9 .9 .6 .6 12 S Thermal
mass and
solar interac-
tion

920 20,27 H 200 .5 .9 .9 .6 .6 6,6 E,W East/West
transmit-
tance/mass
interaction

940 Setback H 200 .5 .9 .9 .6 .6 12 S Setback/mass
interaction

950 Venting H 200 .5 .9 .9 .6 .6 12 S Venting/mass
interaction

960 Venting* H 200* .5 .9 .9 .6 .6 12 S (*In back
room) Pas-
sive so-
lar/interzone
heat transfer

990 20,27 H 200 .5 .9 .9 .6 .6 12 S Ground cou-
pling

Table 4.15: High-Mass diagnostics.

Figure 4.17: Annual heating.
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Figure 4.18: Annual cooling.

Figure 4.19: Peak heating.
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Figure 4.20: Peak cooling.

Figure 4.21: Maximum Annual Hourly Temperature.
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Figure 4.22: Minimum Annual Hourly Temperature.

Figure 4.23: Average Annual Hourly Temperature.
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Low Mass
Annual heating (MWh) 600 620 640 650

Minimum 4.296 4.613 2.751 0
Maximum 5.709 5.944 3.803 0
Average 5.046 5.328 3.135 0
Model 4.355 4.680 2.795 0
EnergyPlus 4.378 4.550 2.684 0

Annual cooling (MWh) 600 620 640 650

Minimum 6.137 3.417 5.952 4.816
Maximum 8.448 5.482 8.097 7.064
Average 7.053 4.416 6.790 5.708
Model 6.945 4.709 6.762 5.290
EnergyPlus 6.740 4.168 6.454 5.304

Peaking heating (kW) 600 620 640 650

Minimum 3.437 3.591 5.232 0
Maximum 4.354 4.379 6.954 0
Average 3.952 3.998 5.903 0
Model 3.867 3.898 7.929 0
EnergyPlus 3.750 3.741 6.277 0

Peaking cooling (kW) 600 620 640 650

Minimum 5.965 3.634 5.884 5.831
Maximum 7.188 5.096 7.126 7.068
Average 6.535 4.393 6.478 6.404
Model 6.109 4.233 6.073 5.907
EnergyPlus 6.565 3.921 6.501 6.373

Table 4.16: Results Low Mass Series.
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High Mass
Annual heating (MWh) 900 920 940 950 960 990

Minimum 1.170 3.261 0.793 0 2.144 2.222
Maximum 2.041 4.300 1.411 0 3.373 4.324
Average 1.649 3.828 1.086 0 2.709 3.501
Model 1.530 3.295 1.094 0 2.638 3.571
EnergyPlus 1.224 3.193 0.768 0 2.408 -

Annual cooling (MWh) 900 920 940 950 960 990

Minimum 2.132 1.840 2.079 0.387 0.411 0.616
Maximum 3.669 3.313 3.546 0.921 0.895 1.841
Average 2.826 2.684 2.725 0.635 0.669 1.227
Model 3.264 3.086 3.205 0.848 0.756 1.393
EnergyPlus 2.508 2.548 2.433 0.530 0.640 -

Peaking heating (kW) 900 920 940 950 960 990

Minimum 2.850 3.308 3.980 0 2.410 2.769
Maximum 3.797 4.061 6.428 0 2.863 4.296
Average 3.452 3.738 5.414 0 2.686 3.525
Model 3.444 3.637 6.532 0 2.729 3.517
EnergyPlus 3.172 3.483 4.815 0 2.693 -

Peaking cooling (kW) 900 920 940 950 960 990

Minimum 2.888 2.385 2.888 2.033 0.953 1.859
Maximum 3.932 3.505 3.932 3.170 1.422 3.525
Average 3.460 3.123 3.460 2.724 1.210 2.829
Model 3.335 3.110 3.334 3.001 1.206 2.524
EnergyPlus 3.250 2.777 3.250 2.388 1.143 -

Table 4.17: Results High Mass Series.
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Free floating temperatures
Maximum annual hourly
temperature (◦C)

600FF 650FF 900FF 950FF 960

Minimum 64.9 63.2 41.8 35.5 48.9
Maximum 75.1 73.5 46.4 38.5 55.3
Average 67.7 66.1 43.7 36.6 50.5
Model 67.0 64.5 45.5 38.8 50.7
EnergyPlus 65.3 63.5 43.2 36.6 52.4

Minimum annual hourly
temperature (◦C)

600FF 650FF 900FF 950FF 960

Minimum -18.8 -23.0 -6.4 -20.2 -2.8
Maximum -15.6 -21.0 -1.6 -17.8 6.0
Average -17.6 -22.4 -3.7 -19.3 2.3
Model -15.8 -22.9 -4.4 -19.9 0.9
EnergyPlus -17.4 -23.0 -2.6 -20.3 2.2

Average annual hourly
temperature (◦C)

600FF 650FF 900FF 950FF 960

Minimum 24.2 18.0 24.4 14.0 26.4
Maximum 27.4 20.8 27.5 15.3 30.5
Average 25.3 18.9 25.5 14.5 28.2
Model 26.4 18.3 26.4 14.9 28.7
EnergyPlus 25.8 18.6 26.0 14.5 29.1

Table 4.18: Results free-floating temperatures.

4.9 Conclusions of Building model

This chapter presented the physical description of the developed building
model. The set of equations that describe the model have been clustered in
blocks representing different phenomena, including the heat transfer through
the transparent and opaque envelope surfaces, the internal short-wave and
long-wave exchange between enclosing surfaces and the convective transfer
to the internal air node. In this way, a very modular and flexible model
is obtained, allowing the modification of the different parts independently.
Finally, the model has been tested using BESTEST and compared with
EnergyPlus obtaining excellent results.



Chapter 5

District Heating Network and
Solar System Models

The previous chapter presented the model of the demand side of a DHS. In
this chapter, both the network, and the solar supply system models are intro-
duced. The blocks used to build the network and the solar system have not
been developed by the author, unlike those of the dynamic building model.
Instead, some standard INSEL blocks have been used to make up the so-
lar system model. That includes the SCDYN block for the solar collectors,
TANKST block for the storage tanks and the HXS block for the heat ex-
changers.
Also, the user-developed blocka SpHeat, created by Ilyes Ben Hassine [93],
has been selected and further improved within this thesis. The selection was
supported on the following reasons:

- SpHeat is a pseudo-dynamic model, which is the most suitable model
for thermodynamic studies of DHN (see section 2.1.2).

- It is based on the element method, that allows to model both, tree-
shape and meshed networks.

- It is coded in INSEL, so there is no need for a new tool.

- It is fully accessible for modifications and updates.

aINSEL provides some standard blocks and allows the user to develop and share new
ones, the so-called ‘User blocks’.
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Figure 5.1: Solar system schema.

5.1 Solar System Model

As a first attempt, only one solar system schema has been developed and
included in the platform. Figure 5.1 shows again the hydraulic schema (al-
ready presented in section 3.3). It is based on three main elements, including
solar collectors’ field (flat-plate or evacuated-tube), storage tank (stratified
or fully mixed) and counter-flow heat exchangers. Their physical principles
and computational models are presented in this section.

5.1.1 Solar collector: SCDYN block

Model scope and objectives

The SCDYN block simulates solar collectors under dynamic conditions based
on the European Standard EN 12975-2:2006 [190]. It is a 1-node model that
allows the discretization of the collector to increase the accuracy of the model
and to avoid temperature oscillations.
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Physical model description

The solar collectors are modelled under dynamic conditions. The outlet tem-
perature is calculated depending on the solar heat absorbed by the collector
and its thermal capacity. The heat absorbed Qabs [W] depends on the effi-
ciency of the collector:

Q̇abs = AaIgη (5.1)

where Aa [m2] is the aperture area of the collector, η is [-] its efficiency,
and Ig [W/m2] is the global radiation perpendicular to the collector surface.
The global radiation is an input to the model. It is previously calculated in
the Geometrical preprocessing workflow step (see section 3.2). The collector
efficiency is defined in the standard as:

η = η0Kθ − a1
Tm − Ta

Ig
− a2

(Tm − Ta)2

Ig
(5.2)

where η0 [-], a1 [W/m2K] and a2 [W/m2K2] are the zero-loss efficiency of
the collector and the linear and quadratic heat loss coefficients, respectively.
These coefficients are provided by the producers based on this same standard.
Ta [◦C] is the ambient air temperature, and the mean temperature Tm [◦C]
is defined as:

Tm =
Tin + Tout

2
(5.3)

where Tin [◦C] and Tout [◦C] are the inlet and outlet temperatures of the
collector. Finally, Kθ [-] is the Incidence Angle Modifier (IAM), which mea-
sures the influence of the incidence angle on the collector efficiency and is
also provided by the producers for different incidence angles θ. Part of the
heat absorbed by the collector is stored by increasing the temperature of the
collector itself. The other part is transmitted to the thermal carrier:

Q̇abs = Q̇coll + ṁcp∆T (5.4)

where ṁ [kg/s] is the thermal carrier mass flow and cp [J/kgK] its heat
capacity. ∆T = Tout−Tin [◦C] is the variation of temperature of the thermal
fluid from inlet to outlet, and finally, Q̇coll = CcollAa(T

′
m − Tm) is the heat

absorbed by the collector itself assuming that it has the same temperature as
the thermal fluid inside. Ccoll [J/m2K] is the thermal capacity of the collector
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and Tm [◦C] is the mean temperature of the thermal fluid, T at the beginning
of the time-step and T ′ at the end.

By joining equations 5.1 and 5.4, the following equation is derived:

AaIgη = Q̇coll + ṁcp∆T (5.5)

And so:

AaIg(η0Kθ − a1
Tm − Ta

Ig
− a2

(Tm − Ta)2

Ig
)− CcollAa(T ′m − Tm) = ṁcp(Tout − Tin) (5.6)

Adding 5.3 and reorganising, the mean temperature at the end of the time-
step is calculated as:

T ′m =
η0Kθ + a1Ta − a2(Tm − Ta)2 + 2ṁcp

Aa
Tin + Ccoll

∆t
Tm

a1 + 2ṁcp
Aa

+ Ccoll

∆t

(5.7)

And the outlet temperature at the end of the time-step using 5.3 again:

T ′out = 2T ′m − Tin (5.8)

The model allows the simulation of several modules connected either in series
or in parallel. Each module can also be divided into partition elements to
represent the temperature changes along the collector better. The first time
the simulation engine calls the block, the aperture area per collector Aa [m2],
the total aperture area Atot [m2] (the sum of all collectors’ areas), and the
mass flow per each parallel row ṁ [kg/s], are calculated while the starting
conditions are defined as:

Aa =
A

Nseg

(5.9)

Atot = A ·Ns ·Np (5.10)

ṁ =
ṁtot

Np

(5.11)

T ′out = Tm,0 (5.12)

T ′m = Tm,0 (5.13)

ṁ = 0⇒ Q̇u = 0 (5.14)

η = η0Kθ (5.15)

t0 = t (5.16)

From the second time on, the time-step ∆t [s] is calculated as ∆t = t − t0.
The temperatures at the end of the time-step can then be calculated using
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equations 5.7 and 5.8 for each partition element. These equations use the
outputs of the first partition element for the following one and these outputs
as inputs to the next collector in series. The outputs of the block are finally
calculated as:

T ′out =

∑Np

i=1 T
′
out,i

Np

(5.17)

T ′m =

∑Np·Ns

i=1 T ′out,i
Np ·Ns

(5.18)

Q̇u =
∑

Q̇abs − Q̇coll ∀ partition element (5.19)

η =
Q̇u

(Ib + Id)Atot
(5.20)

5.1.2 Storage Tank: TANKST block

Model scope and objectives

The TANKST block simulates stratified storage tanks by dividing it vertically
in N fully-mixed equal volumes. Then, a fully-mixed storage tank can also
be simulated if only one node is defined.

Physical model description

The stratified storage tank model (Figure 5.2) has two flow inputs, one com-
ing from the heat source field (Hot side) and the other from the cold source
or consumption (Cold side). The hot mass flow enters at the top of the tank,
and the same mass flow exits at the bottom to go back to the heat source.
On the cold side, the flow mass enters at the bottom and the same amount
of fluid exits at the top to consumption.

The simulation is based on a multi-node approach, in which the tank is
divided vertically in N nodes with the same mass. Each node is a fully
mixed fluid volume with a single temperature Tn [◦C]. An energy balance on
each node leads to a set of N differential equations:

mcp
dTn
dt

= Q̇hot,n + Q̇cold,n − Q̇loss,n (5.21)

where Q̇hot,n [W] and Q̇cold,n [W] are the heat flows coming from neighbour

nodes above (hot) and below (cold), respectively, and Q̇loss,n [W] the heat



92 CHAPTER 5. DHN AND SOLAR SYSTEM MODELS

Figure 5.2: Stratified storage tank.

losses through the tank wall. Two types of nodes can be found: those at
the extremes (1 and N) and those in between (the internal nodes). The heat
balance can be written at each internal node n as:

mcp
dTn
dt

= ṁhotcp(Tn−1 − Tn) + ṁcoldcp(Tn+1 − Tn)− UAn(Tn − Ta) (5.22)

At the top and the bottom of the tank, the energy balance becomes:

mcp
dT1

dt
= ṁhotcp(Thot − T1) + ṁcoldcp(T2 − T1)− UA1(T1 − Ta) (5.23)

mcp
dTN
dt

= ṁhotcp(TN−1 − TN ) + ṁcoldcp(Tcold − TN )− UAN (TN − Ta) (5.24)

where m [kg] are the fluid mass belonging to each node and cp [J/kgK] the
thermal capacity of the fluid, it is assumed the same fluid inside the tank
than that from the two inlets. ṁ [kg/s] are the mass flows at the hot and
cold inlets. U [W/m2] is the heat loss coefficient of the tank wall, including
the isolation and A [m2] the area of wall touching each fluid volume, being A1

and AN those at the top and bottom of the tank. These two areas include
the top and bottom areas, respectively and the corresponding part of the
vertical wall. An is the corresponding part of the vertical wall of every other
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node, which is the same for all:

A1 = π
d2

4
+ πd

h

N
(5.25)

AN = A1 (5.26)

An = πd
h

N
(5.27)

where d [m] and h [m] are the tank diameter and high, respectively. Finally,
T [◦C] are the nodes temperatures (1, n, N) and that of the hot (hot) and
cold (cold) inlet flows (Figure 5.2).

The equation system is solved by using the Euler method, which leads to
the following set of equations with which the temperatures at the end of the
time-step can be directly calculated:

T ′1 = T1 +
∆t

mcp
[ṁhotcp(Thot − T1) + ṁcoldcp(T2 − T1)− UA1(T1 − Ta)] (5.28)

T ′n = Tn +
∆t

mcp
[ṁhotcp(Tn−1 − Tn) + ṁcoldcp(Tn+1 − Tn)− UAn(Tn − Ta)] (5.29)

T ′N = TN +
∆t

mcp
[ṁhotcp(TN−1 − TN ) + ṁcoldcp(Tcold − TN )− UAN (TN − Ta)] (5.30)

The first time the block is called by the simulation engine, the variables are
initialised:

h =
V

πd2/4
(5.31)

m = ρV (5.32)

T ′n = T0 (5.33)

t0 = t (5.34)

At the second call, the time-step ∆t [s] is calculated as ∆t = t− t0 and from
this call on, the temperatures at the end of the time-step can be calculated
as presented in equations 5.28 to 5.30.

5.1.3 Heat exchanger: HXS block

Model scope and objectives

The HXS block simulates a sensible counter-flow heat exchanger based on a
steady-state approach following the NTU method.
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Physical model description

The exchanged heat is calculated assuming constant thermal capacity of both
fluids and constant UA, which is provided by the heat exchanger manufac-
turers and considered not to be dependent on temperatures:

Q̇ = UA · LMTD (5.35)

where UA [W/K] is the overall heat transfer coefficient times the area of
exchange and LMTD [K] is the logarithmic mean temperature difference,
which is defined as:

LMTD =
∆Thot −∆Tcold

ln ∆Thot
∆Tcold

(5.36)

Furthermore, the heat exchanged affects both fluids modifying their temper-
atures:

Q̇ = −Chot∆Thot (5.37)

Q̇ = Ccold∆Tcold (5.38)

where C = ṁcp [W/K] is the heat capacity of the fluid and ∆T = Tout − Tin
[◦C] the difference of temperatures for the hot (hot) and cold (cold) streams.

The NTU method solves the resulting equation system defining the efficiency
of a heat exchanger and its relationship with two dimensionless parameters,
NTU and R. The efficiency of a heat exchanger is defined as the transferred
heat divided by the maximum transferred heat, which is that of an ideal heat
exchanger with UA =∞:

ε =
Q̇

Q̇max

=
Q̇

Cmin(Thot,in − Tcold,in)
(5.39)

NTU =
−UA
Cmin

(5.40)

R =
Cmin
Cmax

(5.41)

where Cmin = min(Chot, Ccold) and Cmax = max(Chot, Ccold).
The relationship between the efficiency and the dimensionless numbers de-
pend on the type of heat exchanger for a counter-flow heat exchanger is
defined as follows:

If R = 0 ⇒ ε =
NTU

NTU + 1
(5.42)

Else ⇒ ε =
1− exp(−NTU(1−R))

1−R exp(−NTU(1−R))
(5.43)
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Once the efficiency is obtained, the outlet temperatures are calculated using
equations 5.37 and 5.38 together with 5.39:

Thot,out = Thot,in − ε
Cmin
Chot

(Thot,in − Tcold,in) (5.44)

Tcold,out = Tcold,in + ε
Cmin
Ccold

(Thot,in − Tcold,in) (5.45)

5.2 District Heating Network

Along this section, first, the theoretical basis together with the corresponding
INSEL block are presented, and some possible improvements are highlighted
to describe the methodology used to solve one of the drawbacks of the model
in the following section.

5.2.1 Physical description

SpHeat is divided into two parts, the hydraulic and the thermal models, in the
so-called SpHydro and SpThermo subroutines, respectively, both embedded
in the same block. The hydraulic model calculates the pressure and mass
flows along the pipes under steady-state conditions. Then, the thermal model
uses –per time-step– the calculated values as inputs to dynamically simulate
the thermal behaviour of the net, making up both together a pseudo-dynamic
model (see section 2.1.2).

SpHydro

The network is sketched as a planar graph (i.e. abstract graphs that can
be drawn in a way that the edges meet only in common ends, so no other
intersections are found [63]). It is represented by a set of nodes and oriented
branches (edges) as illustrated in Figure 5.3, where each node is either a sub-
station (‘consumer’ or ‘producer’)b, or a pipe junction. The edges represent
the pipes, including plumbing fittings like elbows or couplings. When the
fittings connect more than two pipes, or the pipes have different characteris-
tics (e.g. internal diameter, roughness), then they are represented as nodes,

bThe information about the substations is updated every time-step, allowing the trans-
formation of ‘producers’ into ‘consumers’ and vice-versa.
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Figure 5.3: Example of network represented as a planar graph.

and the pipes as different edges. The orientation of the edges is set by the
user and can be done arbitrarily as they ere used only to define the paths,
not the direction of the flows. The flows are calculated depending on the
distribution of pressures. The paths (finite sequence of edges) can be open
or close, creating loops. These loops require at least one link, i.e. an edge
which specifies the orientation of the loop where it belongs. For example,
in Figure 5.3, either e4 or e7 could define the direction of the loop. If e4 is
selected, then the loop is oriented as in the figure.

The incidence matrices, XE×N and YL×E, store the network topology. X
represents the edges-nodes interconnections and Y describes the orientation
of the edges in a loop. E, N and L are the number of edges, nodes and loops,
respectively. The matrices entries xe,n, yl,e ∈ {−1, 0, 1}
xe,n = 1 when node n is the starting point of edge e, xe,n = −1 when node n
is the ending point of edge e, and xe,n = 0 if there is no connection between
node n and edge e.
yl,e = 1 when edge e has the same orientation of loop l and yl,e = −1 in the
opposite case. Finally and yl,e = 0 if edge e does not belong to loop l. In
the example presented in Figure 5.3, e4, e5 and e6 would give a 1 in the Y
matrix while for e7 would correspond a -1. The following matrices are the
XE×N and YL×E correspondent to the example:
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XE×N =



1 −1 0 0 0 0 0
0 1 −1 0 0 0 0
0 1 0 −1 0 0 0
0 0 0 1 −1 0 0
0 0 0 0 1 −1 0
0 0 0 0 0 1 −1
0 0 0 1 0 0 −1



YL×E =
(

0 0 0 1 1 1 −1
)

The network topology represents in one graph the two identical sub-networks,
including supply and return. These two sub-networks are interconnected
through the substations. Once the topography is defined, the pressures and
flows are calculated using the electrical analogy to formulate both, the con-
servation of mass and the conservation of energy (equation 5.50) at each
node. The first one is derived into the conservation of volume assuming, that
the density is constant over the complete network (equation 5.46):

X~̇V = ~0 (5.46)

where ~̇V [m3/s] is the volumetric flow rates vector.

The friction losses through the edges are calculated with the Darcy-Weisbach
formula, considering the edges straight conduits of constant cross-sections.
For each edge is written as:

∆p

L
= fD

ρ

2

(~̇v/A)2

D
(5.47)

where v̇ [m3/s] is the volumetric flow rate along the edge and ∆p [Pa] is
the pressure losses between the initial and ending nodes. L [m] is the edge
length, ρ [kg/m3] the density of the fluid, A [m2] is the cross-section, D [m] is
the hydraulic diameter (which for circular cross areas is equal to the internal
diameter), and fD [-] is the Darcy friction factor. The Darcy friction factor
depends on the flow characteristics. For laminar flows (Re ≤ 2100) it is
calculated as in equation 5.48 while the Colebrook-White equation is used
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(a) Producer. (b) Consumer.

Figure 5.4: Substations connections.

for turbulent regimes (Re ≥ 4000), which is valid for smooth and rough pipes
(equation 5.49):

fD =
64

Re
(5.48)

1√
fD

= −2 log

(
ε

3.7D
+

2.51

Re
√
fD

)
(5.49)

where Re = v̇L
µ

[Pa/s] is the Reynolds number, µ is the dynamic viscosity

of the fluid and ε [m] the roughness of the pipe. Both the Darcy-Weisbach
and the Colebrook-White equations are accepted as the most accurate ones
on its respective flow regimes. The transition regime (2100 < Re < 4000) is
calculated as the linear interpolation between the two limits of both regimes:
the corresponding friction factor for laminar regime at Re = 2100 and that
of turbulent regime at Re = 4000.

If there are loops, the conservation of energy is formulated as:

Y ~∆P = ~0 (5.50)

where ~∆P [Pa] is the vector of pressure losses along the edges in the direction
of the corresponding flows.

The connections through the substations between the supply and the return
pipes provoke also pressure drops. The ‘consumers’ are assumed to have a
valve to control the mass flow and a heat exchanger to transmit the heat to
the secondary network connected, as shown in Figure 5.4(b). The pressure
losses are calculated as:

∆p =
100000v̇2

(crl ·Kvs/3600)2
+ γKhxv̇

2 (5.51)

The first term represents the pressure losses through the valve based on the
kv method, where crl [-] is the control for the valve opening and Kvs [m3/h]
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the coefficient of pressure losses through a valve when it is fully open, which
is defined as:

Kvs =
v̇√
∆p

(5.52)

∆p should be in bar and v̇ in m3/h.

The second part of equation 5.51 represents the pressure losses due to the heat
exchanger, where, Khx [m/(m3/s)2] is the localised pressure drop coefficient
of the heat exchanger.

The ‘producers’ instead are composed of a pump and a heat exchanger con-
nected as in Figure 5.4(a). The increment of pressure is calculated as:

∆p = γ
(
crl2 · p(v̇)−Khxv̇

2
)

(5.53)

The first term of the right side of the equation is the increment of the pressure
provided by the pump. The second part represents again the pressure losses
due to the heat exchanger, and it is treated in the same way as for the
‘consumer’. crl [-] is the control parameter defined as the ratio between the
working point power and the nominal power of the pump, and p(v̇) [Pa] is the
pressure drop extracted from the characteristic curve of the pump at volume
flow v̇ [m3/s], which is expressed as:

p(v̇) = A v̇2 +B v̇ + C (5.54)

Both the characteristic curve and the control parameter and Khx are inputs
to the model.

A large resistance is assumed to prevent backflow at ‘producer’ substations,
being the pressure losses at such substation calculated as:

∆p = γ
(
(crl C)2 + 1000Khxv̇

2
)

(5.55)

Finally, the system of non-linear equations is solved by the Newton-Raphson
method within a loop where the user sets the tolerance and the maximum
number of iterations.

SpThermo

Once the flow rates are determined, SpThermo calculates the propagation
of temperature through the pipes. An energy balance is established for the
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fluid at each pipe at every time-step (equation 5.57), assuming that the fluid
is incompressible, and therefore:

ṁout = ṁin (5.56)

where ṁ [kg/s] are the mass flows entering (in) and leaving (out) the pipe.

M
du

dt
=
mindh

dt
− Q̇loss (5.57)

where M [kg] is the total mass of the control volume, min [kg] is the mass that
enters (and leaves) the control volume during the calculation time, du [J/kg]
is the difference of internal energy of the fluid, dh [J/kg] is the difference of
the fluids’ enthalpy between the inlet and the outlet, Q̇loss [W] are the losses
to the surrounding ground, and ∆t [s] is the time-step length. The formula
is also based on a fully-mixed control volume.

Considering that the internal (fluid properties) and external (inlet and ground
temperatures) conditions do not change over calculation time-step, the equa-
tion can be solved with an explicit 1st order backward FDM as in equation
5.58:

Mcp(T
′ − Tout) = mincp(Tin − Tout)− UA∆t(Tloss − Tg) (5.58)

where Tloss [◦C] is the mean temperature used to simulate the losses to the
ground and is calculated using the superposition principle as:

Tloss − Tg =
(M −min)(Tout − Tg)

M
+
min(Tin − Tg)

M
(5.59)

In the previous equations, cp [J/kgK] is the fluid’s heat capacity, UA [W/K]
is the overall heat transfer coefficient through the pipe’s wall, and T [◦C]
represent the temperatures. Tg is the temperature of the surroundings, Tout
and Tin are the outlet and inlet temperatures at the beginning of the time-
step, T ′ is the outlet temperature at the end of the time-step.
Both UA and Tg are inputs to the model. The user can decide whether
providing the total UA coefficient, including not only the different layers of
the pipe but also the ground, or only the pipe’s UA coefficient. The first
option implies the use of the undisturbed ground temperature. The second
option, however, requires a coupling of the model with a ground model to
calculate the new ground temperatures every time-step. The fluid properties
instead are fixed internally, assuming water at 50◦C.
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5.2.2 Modifications in SpHeat block

Both the model itself and its implementation as an INSEL block leave some
room for improvement. On the one side, some of the assumptions that are
internally taken could be externally provided. Meaning, the fluid properties
so other liquids rather than water could also be used as thermal carrier or
the diameter of ground that should be taken into account in case that the
ground is modelled externally with other assumptions. On the other side,
the model has two major problems, including the way the matrices X and
Y are solved and the way of solving the thermal energy balance, in equation
5.57.

The model does not include any logic to reduce the matrices before using
them for the fluid dynamic calculation. Therefore, the processing time rises
exponentially with the increase in the number of nodes and edges. For that
reason, the model has a maximum number of nodes and edges of 100 each.
If an increase of these numbers is required, the incorporation of a matrix
reduction algorithm and a deep modification of the code structure must be
done.

Finally, the explicit 1st order backward FDM needs small control volumes
to provide accurate results. Still, the model as it is coded takes the control
volumes equal to the volume of water inside each pipe, no matter the rela-
tionship between the length of this one and the volume flow, as long as it is
ensured that the inlet volume is lower or equal to the one inside the pipe,
namely:

AL ≥ Av∆t (5.60)

where L [m] is the length of the pipe, A [m2] is the cross-sectional area, v
[m/s] is the linear velocity of the flow and ∆t [s] is the time-step.
For those cases where the pipe is long and the volume flow low, the temper-
ature front suffers of artificial diffusion inside the pipe. A careful selection
of floating points (the number of divisions of the control volume) along the
pipe must be made to avoid this situation. The following sections present an
empirical calibration of the model and a methodology to determine the best
number of floating points developed using the results of this calibration.
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5.3 Empirical calibration of the DHN model

A methodology to determine the best number of floating points to avoid ar-
tificial diffusion and delay in the element model has been developed based on
the results of an experiment carried out in Vilnius, Lithuania. A second set of
measured values has been used, the Girasolstrasse branch to test the method-
ology resulting from the empirical calibration with the Vilnius experiment.
Both datasets are first introduced in this section. Then the methodology is
explained, and some conclusions extracted after testing it are presented at
the end of the section.

5.3.1 Data sets

The Vilnius experiment

This experiment was carried out by Ciuprinskas and Narbutis in Vilnius,
Lithuania, on May 19th-24th, 1997. They tested two types of pipes parallelly
arranged between two heat chambers to determine the real heat losses in the
pipelines. One of the pipelines was a pre-insulated pipe (from Chamber 1 to
Chamber 3), and the other an insulated pipeline within impassable concrete
canals (from Chamber 1 to Chamber 2) (Figure 5.5).

They provoked a temperature wave of around 5◦C at the supply station of
the network and measured the temperatures at both ends of the 470 m length
pipes. As said, the experiment was conducted in May, when heat demand
is low, and therefore, mass-flow is also very low and almost constant. More
details can be found in [49] in Lithuanian (the original document), or in En-
glish in [79]. The pre-isolated pipe dataset has been used for the development
of the methodology presented in section 5.3.2. It provides temperatures at
both sides (Chamber 1 and Chamber 3) of both pipes (supply and return)
with a precision of 0.5◦C together with the mass flow (precision of 0.2 kg/s)
every 10 minutes during 24 hours. No external or ground temperature are
provided. The wave has been used to improve the dynamics of the network
model while the rest of the day was used to calibrate the thermal trans-
mittance in steady-state conditions. Figure 5.6 shows the wave progression.
The wave is provoked at the supply station (Tin Supply) and moves along
the supply pipe to arrive at its outlet after around three hours (Tout Sup-
ply), losing heat on its way (temperature difference between inlet and outlet
temperatures during steady-state conditions) and changing its shape due to
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Figure 5.5: Schematic view of experimental site (Source: modified by [79]
from [49]).

Figure 5.6: Temperatures at inlet and outlet of supply and return pipes
(Source: data extracted from [49]).
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diffusion. Then, the flow is sent to demand and returns to the supply pipe
about one hour later (Tin Return) reaching the end of the return pipe af-
ter four hours (Tout Return). Same losses and diffusion are observed in the
return pipe. This dataset has already been used by other researchers for
comparison and validation of thermal networks models [79, 86].

The Girasolstrasse dataset

TU Wien, Institute for Energy Systems and Thermodynamics, provided the
specifications of a branch of the Vienna DHN called Girasolstrasse for the
present study. It is composed of 19 substations where one or more consumers
are connected (G-A to G-N-2) and one supply substation (S-G) that connects
the primary network of Vienna with the Girasolstrasse branch. Figure 5.8
shows the schema of the network.
The dataset holds inlet and outlet temperatures and volume flows at all con-
sumer substations together with the ambient temperature and the tempera-
tures and volume flow of the primary side (Vienna’s primary network) at the
supply substation registered every 15 minutes during four years (2012-2015).
The values at the secondary side (Girasolstrasse branch) of the supply sub-
station are not provided. The precision of this dataset, provided only within
the Ci-Nergy project, is not as high in as the previous case. Not only the data
is recovered every 15 minutes (for a much higher water velocity), but also the
temperatures accuracy is 1◦C. Nevertheless, no datasets with such complete
information are freely accessible. This was the best available dataset for test-
ing the methodology. The behaviour of the network is similar every day; at
around 2:30 a.m. a temperature wave of about 10◦C and 2 hours width, is
generated and propagated along the complete network. This waves are used
to check and calibrate the DHN’s control system. As in the previous case,
the wave has been used to analyse the dynamics of the network while the
quasi-steady-state period was used to calibrate the thermal transmittance to
the surroundings. One week in January 2015 has been selected for the study.
Figure 5.7 shows the typical temperature profile at the last substation (G-A)
during one day.
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Figure 5.7: Supply temperature profile of one typical day.

5.3.2 Methodology to avoid artificial diffusion and wave
delay in element method based models

SpHeat was used to reproduce the propagation of the wave along both pipes
of the Vilnius experiment presented in the previous section, supply and re-
turn. The temperature waves are normalised to quantify the accuracy of the
model, and three indicators are defined: (1) the instant the wave begins, ts in
seconds, (2) the wave width ∆tw also in seconds, and (3) the normalised wave
amplitude Aw, dimensionless. The normalised temperature profile Tout,adim
is defined following the proposal of [79]:

Tout,adim =
(Ttr out − Tst out)

(Ttr max,meas − Tst,meas)inlet
(5.61)

The same definition is valid for the measured and the calculated tempera-
tures. In the numerator, Ttr out is the transient temperature and Tst out the
temperature at steady-state conditions at the outlet of the pipe for both,
measured and calculated temperatures. The denominator represents the am-
plitude of the inlet temperature, which is the measured maximum tempera-
ture Ttrmax,meas minus the steady-state measured temperature Tst,meas, both
at the inlet. The normalised temperature Tout,adim is equal to 1 when the wave
peak reaches the pipe outlet if no heat loss or diffusion occur in between, and
is equal to 0 during steady-state conditions.

Finally, the wave amplitude is defined as the maximum value of the dimen-
sionless temperature wave. The amplitude and wave width are used to study
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Figure 5.8: Schema of Girasolstrasse heating network.
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(a) Outlet temperature of the supply pipe of the Vilnius experiment.

(b) Outlet temperature of the return pipe of the Vilnius experiment.

Figure 5.9: Dimensionless profiles of temperatures in supply and return pipes.
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the artificial diffusion while with the time of wave start, the delay is anal-
ysed. With these indicators, three errors have been defined, including (1)
error in the wave start es [%], (2) error in the wave width ew [%] and (3)
error in amplitude eA [%]. These errors are determined as a function of the
CFL number for a given time-step ∆t used by the solver. The CFL is a di-
mensionless number that expresses the ratio between the physical velocity v
(velocity of the water stream in each pipe element [m/s]) and the velocity of
calculation, i.e. the ratio between the length of each element ∆x [m] and the
time-step ∆t [s] used by the numerical method to update the temperature
distribution.

CFL =
v∆t

∆x
(5.62)

The CFL number indicates how fast the temperature information travels on
the computational grid. It is considered as the most important parameter for
the performance of numerical methods in DHN modelling [157]. In explicit
numerical schemes, a necessary condition for stability is CFL ≤ 1: the time
step size must be smaller than the time required for the flow to cross the
smallest distance between two adjacent points [56]. The three errors are
defined then as:

e∆t
s (CFL) =

(t∆ts,calc(CFL)− ts,meas)outlet
ts,meas,outlet − ts,meas,inlet

· 100% (5.63)

e∆t
w (CFL) =

∆t∆tw,calc(CFL)−∆tw,meas

∆tw,meas
· 100% (5.64)

e∆t
A (CFL) =

A∆t
w,calc(CFL)− Aw,meas

Aw,meas
· 100% (5.65)

For the reproduction of the wave using SpHeat, the profile of inlet tem-
peratures and the pump’s load factor are given as inputs in two separated
simulations, one to the supply and other to the return pipes. The mass flow
and outlet temperatures are calculated and compared to the measured val-
ues. The pump’s load factor is set in such a way that the calculated and
measured mass flows match (reproducing exactly the 2.75 kg/s of the experi-
ment), feeding the thermal model with the right hydraulic conditions. Table
5.1 present the parameters and boundary conditions of the simulation.

Due to the relationship between the error indicators and the CFL number, a
parametrisation in two directions, time-step and number of floating points,
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Parameter Value
Pipe length, L [m] 470
Internal diameter of the pipe, di [mm] 312.7
Total thermal conductivity, including insulation
and ground, λ [W/mK]

0.587

Temperature of the undisturbed ground, T∞ [◦C] 12.0
Initial temperature at inlet of supply pipe [◦C] 67.7
Initial temperature at outlet for supply pipe [◦C] 66.3
Initial temperature at inlet for return pipe [◦C] 64.1
Initial temperature at outlet for return pipe [◦C] 62.6
Mass flow rate (constant) [kg/s] 2.75

Table 5.1: Parameters and boundary conditions of the pre-insulated pipe.

has been done. Nine cases of floating points, ranging from 1 (no discretiza-
tion) to 100 (maximum allowed by the tool, see section 5.2.2), and three
time-step lengths (30 seconds, 1 minute and 5 minutes) have been selected,
covering a wide range of CFL numbers from 0.0015 to over 1.

Figure 5.10 shows an example of the temperature profiles measured at pipe
outlet in the experiment described in section 5.3.1 (dotted line) and some of
those calculated with SpHeat for a ∆t of 5 minutes. Values at times between
two consecutive loggings were linearly interpolated. Not all results have been
plotted for a more transparent exposition. When increasing the number of
floating points (from 1 to 41 in the figure), a better match of the three
indicators is expected up to a specific value when overshooting may occur
[91]. However, it can be observed in figure 5.10 that the return pipe follows
this tendency, but in the supply pipe, it seems that the overshooting appears
too early. Giraud, L. [86] already discussed this phenomenon, concluding
that the flat shape of the peak in the supply line profile may be caused by
stratification effects that occurred during the experiment due to the very
low velocity of the flow. These effects are not considered within the model,
resulting in an overestimation of the peak. Therefore, the wave amplitude of
the supply pipe is not considered as an indicator of the model’s accuracy.

Figure 5.11 plots the errors in time start and wave width in function of the
CFL number for ∆t = 30 seconds. It can be observed how both errors tend
to decrease in absolute value when increasing the CFL number until the best
value when they start increasing again with what seems to be a logarithmic
trend. The errors have been plotted in a logarithmic scale that gave a better
view of the best points.
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(a) Supply pipe.

(b) Return pipe.

Figure 5.10: Dimensionless outlet temperature profiles, comparing calculated
with measured for ∆t = 5 minutes.
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(a) Supply pipe.

(b) Return pipe.

Figure 5.11: Errors in time start and wave width for 30 seconds time-step.
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∆t = 30 s ∆t = 60 s ∆t = 300 s
CFL min 0.1 0.25 0.55
CFL max 0.2 0.31 0.62

Table 5.2: Optimum range of CFL number for the Vilnius.

It can be observed an almost linear evolution of both, es and ew when plot-
ting them as a function of the CFL number in a logarithmic scale. Figure
5.12 shows that this tendency completely changes when exceeding CFL = 1,
increasing the error rapidly. This behaviour was expected due to the stability
condition for explicit solutions previously discussed in this section. Figures
5.13 and 5.14 do not reach CFL = 1 because of the upper limit of 100 floating
points. For a ∆t = 60 seconds, the highest reachable CFL is 0.45, and 0.23
for ∆t = 30 seconds. When comparing the three sets of figures, the same
tendency is observed in all three cases, but the CFL number when the best
value is reached increases with the time-step length.

Finally, figure 5.15 present the evolution of the errors in amplitude with the
CFL number in a logarithmic scale for the return pipe. Once more, the errors
decrease in absolute values when approaching to the best CFL number to
afterwards, increase again. One more time, this best value increases with the
∆t. The precision of the dataset gives an uncertainty range that is different
for each error. The 10 minutes time-step of the data acquisition transfers
into a 5% error in the time start and 4% in width. The precision of 0.5◦C in
temperature means a 10% error in amplitude. Therefore, the values under
those errors must also be defined as valid results because the precision in the
data acquisition does not allow better accuracy. When combining the results
with the uncertainty due to the acquisition precision, a range of best CFL
numbers can be defined. Table 5.2 resume the range of CFL numbers by ∆t
where all errors are inside the limits set by the acquisition uncertainties.

Some conclusions have been extracted from the Vilnius experiment:

- Decreasing the error in the time when the wave starts, ts, means a
better delay forecast.

- Decreasing the errors in wave width, ∆tw, and amplitude, Aw, means
less artificial diffusion.

- The three errors decrease in absolute terms when CFL increases, finding
the best range after which they start increasing again. This conclusion
fits with theoretical studies [157].

- The best ranges can be found at lower CFL when decreasing ∆t.



5.3. EMPIRICAL CALIBRATION OF THE DHN MODEL 113

(a) Supply pipe.

(b) Return pipe.

Figure 5.12: Errors in time start and wave width for 300 seconds time-step
in logarithmic scale.
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(a) Supply pipe.

(b) Return pipe.

Figure 5.13: Errors in time start and wave width for 60 seconds time-step in
logarithmic scale.
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(a) Supply pipe.

(b) Return pipe.

Figure 5.14: Errors in time start and wave width for 30 seconds time-step in
logarithmic scale.
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Figure 5.15: Errors in amplitude for the return pipe.

- Due to the logarithmic scale of the error’s graphs, those increase much
faster when decreasing the CFL number under the lower limit of the
best range than when increasing it over the upper limit.

Methodology proposed

Based on the conclusions extracted from the study of the Vilnius network,
the following methodology to avoid artificial diffusion and wave delay in DHN
models based on the element method is proposed:

1. Find the maximum ∆t for which all pipes comply CFLi =
∆tv̇i,max

Li
≤

1. Any ∆t lower than that would also work, but it slows down the
computation.

2. For each pipe, find the minimum number of floating points that keep the
CFL number within those limits defined for the calculated ∆t (Table
5.2). If this is not possible, the upper limit can be exceeded, but never
should be the lower one.

Note. It is impossible to ensure, for a defined ∆t, it can be found a number
of floating points for each pipe of a DHN that keep all CFL numbers between
the limits.
Suppose n is the minimum number of floating points that comply that
CFL(∆t)n ≥ CFL(∆t)min: if CFL(∆t)n > CFL(∆t)max ⇒ @ m ∈ N | m >
n & CFL(∆t)m = v̇∆t

L/m
≤ CFL(∆t)max.
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Length [m] Internal
diameter [mm]

Nominal volume
flow [m3/h]

1 63.56 100 9.2
2 34.68 100 6.36
3 20.62 80 1.98
4 21.57 125 11.1
5 28.05 100 5.59
6 14.83 65 2.91
7 104.84 250 88.02
8 30.3 80 12.2
9 28.28 80 9.76
10 32.35 80 9.76
11 153.24 250 63.82
12 21.79 250 60.17
13 13.74 250 57.7
14 9.05 250 47.1
15 65.36 200 44.9
16 25.06 200 23.9
17 198.22 150 22.1
18 269.62 125 17.9

Table 5.3: Pipes’ parameters.

where v̇ [m/s] is the nominal velocity of the flow through the pipe, and L
[m] is its total length. A practical case of the use of this methodology is
presented in the following section.

5.3.3 Testing the methodology with the Girasolstrasse
network

The Girasolstrasse network is composed by 20 substations, including one
supply (S-G) and nineteen consumers (G-A to G-N2) connected by 18 pipes
whose lengths and diameters are resumed in Table 5.3 together with the
nominal volume flow through each pipe.

The information provided within the dataset was introduced in section 5.3.3.
An inlet temperature profile and the pump’s load factor are given as inputs.

As the temperatures at the secondary side of the supply substation are not
available, the supply temperature has been calculated as the mean inlet tem-
perature between the three closer consumer substations (G-L: 14.83 m, G-M:
63.56 m and G-N: 21.57 m). The north branch of the network (see Figure 5.8)
has been chosen to discuss the temperature’s recorded values in the dataset.
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Figure 5.16: Frequency TG−M − TG−M1.

Figure 5.16 shows the frequency of the difference between the temperature
at the beginning of the north branch (G-M) and one of the extremes (G-M1)
equal to certain values. Due to the dataset’s accuracy of 1◦C, it was expected
that the temperature at G-M1 was the same as the temperature at G-M or
1 or 2◦C less. The first thing that can be observed is that 3.65% of the time,
the difference of temperatures is negative, which means that the temperature
at the end of the branch is bigger than at the beginning. That is thermody-
namically not possible considering that there is no other supply source that
S-G. This unexpected behaviour is also found in the other branches. This
fact affects the reliability of the dataset. Nonetheless, considering the lack
of better values, this has been used to perform the example.

The pump’s load factor is adjusted to fit the measured flow at all substations,
ensuring the required inputs to the thermal model. Figure 5.17 shows the
calculated volume flow at four selected substations compared to the measured
ones, together with the limits of ±10%. The normalised Root Mean Square
Error (nRMSE) has been calculated for each of them obtaining satisfactory
results presented in Table 5.4.

nRMSE =

√
(v̇calc − v̇meas)2

v̇meas
100% (5.66)

where v̇ [m3/s] is the volume flow calculated (calc) and measured (meas).
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G-A G-H G-K G-M2

nRMSE (%) 1.4 4.2 3.6 3.9

Table 5.4: Normalized RMSE of the four selected substations.

(a) Substation G-A (b) Substation G-H

(c) Substation G-K (d) Substation G-M2

Figure 5.17: Calculated (vertical axis) vs Measured (horizontal axis) volume
flows [m3/h] at four substations.
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Pipe
number

Floating
points

CFL
number

1 1 0.15
2 1 0.19
3 1 0.16
4 1 0.35
5 1 0.21
6 1 0.49
7 1 0.14
8 1 0.67
9 1 0.73
10 1 0.50
11 2 0.14
12 1 0.47
13 1 0.71
14 1 0.88
15 1 0.18
16 1 0.25
17 2 0.11
18 3 0.14

Table 5.5: Number of floating points of each pipe to keep CFL bigger than
0.1

How these errors affect the thermal model are later discussed in this sec-
tion. The model of the network have been performed following the two steps
defined in 5.3.2:

Step 1. Find the maximum ∆t for which all pipes comply CFL < 1

Using the data from Table 5.3, the maximum ∆t that ensures all CFL num-
bers to be under 1 is 39 seconds. A ∆t = 30 seconds has been selected to
perform the simulation. According to Table 5.2, the CFL number must be
between 0.1 and 0.2.

Step 2. For each pipe, find the minimum number of floating points
that keep the CFL number within those limits defined for the cal-
culated ∆t

As previously commented, the essential requirement is that the CFL number
is higher than the lower limit of the best range, i.e. 0.1. Table 5.5 presents
the minimum number of floating points that ensure a CFL number for each
pipe bigger than 0.1, together with the corresponding CFL number calculated
with the nominal velocity calculated from values in Table 5.3.
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In light of the obtained results, it can be ensured that the margins of the
errors in the velocity prediction would not affect the temperature simulation
substantially. A difference of 10% in the calculation of the velocity means
the same 10% in the calculation of the CFL, as this one linearly depends on
the first one. Looking at Table 5.5, a decrease of 10% in the CFL numbers
keeps the values always over the minimum, and an increase of 10% maintains
them still under 1, so there should not be significant changes in the results.
The pipes that need discretization are:

11: pipe connecting substations G-I and G-H.

17: pipe connecting substations G-C and G-B.

18: pipe connecting substations G-B and G-A.

The model based on the discretization extracted from Table 5.5 was per-
formed and run for an entire week. The same simulation has also been per-
formed without any discretization to test whether the methodology improves
the results or not.

The same process to obtain dimensionless temperatures presented in sec-
tion 5.3.2 has been followed with the Girasolstrasse data with an additional
step that had to be done. The wave has been flipped upside-down, and the
steady-state line has been pivoted to obtain a similar shape as in the Vilnius
experiment, resulting in:

Tout,adim =
(T ∗st out − Ttr out)

(T ∗st,meas − Ttr min,meas)inlet
(5.67)

where T ∗st out and (T ∗st,meas)inlet are the tendency line of the steady-state part
of the outlet and inlet temperature profiles, respectively (see Figure 5.18).

Figure 5.19 presents the resulting profile of one day at substation G-A as an
example. The mean values of the errors for the seven days are presented in
Table 5.6, comparing both cases with and without discretization of the three
branches that require it.

On the one hand, it can be observed that the errors on substations G-K and
G-M2 do not change, which was expected as there was no need of discretiza-
tion of any pipe before them. On the other hand, the simulation results at
substation G-H improve a bit with the discretization but, where the improve-
ment is more evident at the last substation, G-A.

The low resolution of the dataset and the problems found in temperatures
make it hard to extract conclusion in absolute values from the test. Still,
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Figure 5.18: Temperature profile and tendency line in steady-state condi-
tions.

Figure 5.19: Inlet dimensionless temperature in the last substation (G-A) of
the Girasolstrasse network.

Not discretized Discretized
% G-A G-H G-K G-M2 G-A G-H G-K G-M2

ēs 10 4 10 4 7 3 10 4
ēw 20 10 7 9 12 10 7 9
ēA 43 29 20 23 25 22 20 23

Table 5.6: Compared results between discretized and no-discretized models.
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a relative improvement was obtained when applying the methodology. Nev-
ertheless, more datasets with better resolution are needed to validate the
methodology, checking the limits of the best ranges of CFL and searching if
a relationship exists, between the best range and the ∆t.

5.4 Conclusions of District Heating Network

and Solar System Models

This chapter presented the physical description of the elements that conform
the supply solar system as well as the DHN. Furthermore, a methodol-
ogy to calibrate DHN models, avoiding artificial diffusion and wave delay,
have been developed and proved in a real DHN in Vienna. The experiment
showed a significant improvement in the results when following the developed
methodology, especially in long pipes, reducing errors by up to 60%. This
methodology ensures the capability of the model to capture the dynamics of
the system when it is connected to very intermittent renewable sources.
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Chapter 6

Application 1. Dynamic
simulation of heating demand
at block scale

Two important aspects are addressed in this chapter. First, the developed
workflow is presented, starting from the 3D data model and ending in the
energy ‘consumption’ results. This part gives an overview of the modular
tool developed, explaining step by step, the workflow used to calculate the
thermal demand of a neighbourhood. It also shows the adaptability of the
tool to the variety of a city’s building stock, including residential, industrial
buildings, offices, etc. The demand calculation is done for two different levels
of detail of the geometrical input data. The differences in the results of these
two levels are also analysed in the last section. And, the adaptability of the
tool to different levels of detail of the input data is proved.

6.1 Description of the case study

Stöckach is a neighbourhood placed in Stuttgart, Germany. It used to be an
industrialised area and nowadays it is composed of buildings with different
usages that go from single-family houses to offices or industrial buildings.
A DHN supplies almost 75% of the heating demand of the neighbourhood.
This demand is mainly produced in the industrial buildings. The rest is
covered almost at 50% between natural gas and gas-oil boilers, with only a few
electrical heaters. In order to illustrate the functioning of the developed tool,
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Figure 6.1: Stöckach neighbourhood marked in green.

a study to figure out the convenience of substituting the installed conditioning
systems by a decentralised heating system was carried out. The new system
is composed of air-water HP powered by PV panels distributed on roofs
and supported by the grid if necessary. Figure 6.1 shows, in green, the
neighbourhood area. The footprint of the buildings are also included. Those
in yellow represent the ones connected to the network, while those that have
any other heating devices are shown in purple. The red lines represent the
main pipes of the heating network. The black perimeter groups two blocks
that have been selected to carry out this study, where no building is connected
to the network.

6.2 Demand calculation

6.2.1 Input data

Only one input, the list of building IDs, that is extracted from the gml file,
is needed to run the simulation.

The gml file of the case under study contains a total of 166 buildings, 72
of those belong to the target blocks. The other 94 form the surroundings
needed to simulate the short-wave radiation exchange. Two levels of detail
of the 3D data have been compared (in section 6.4), LoD1 and LoD2. Figure
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(a) LoD1. (b) LoD2.

Figure 6.2: 3D representation of the buildings of the area under study at two
levels of detail.

6.2 shows the 3D representation of the area in both levels. On the left, the
LoD1 is presented in light blue, which is the typical representation used by
CityGML. On the right, the LoD2 model has the outer walls coloured in grey
while the roofs are red and in light blue intersection with the terrain.

Together with the 3D model and the location, the gml file also includes two
indispensable attributes, including usage and year of construction. Tables
6.1 and 6.2 summarise the attributes of the 72 target buildings. Figure 6.3
shows their distribution in the blocks.

Usage Number
Residential 27
Office & administration 1
Industry 2
Mixed usage 15
Retail 2
Hall 2
Non-heated 23

Table 6.1: Number of buildings by us-
age.

Period of construction Number
1949-1957 29
1958-1968 18
1969-1983 10
1984-1994 8
1995-2001 2
2002-2013 2
After 2014 3

Table 6.2: Number of buildings by pe-
riod of construction.

This information is completed with a list of settings from those offered by
the tool (for more details, see section 3.1) that define the source of the rest
of the required data:
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(a) Year of construction. (b) Usage.

Figure 6.3: Distribution of attributes in the area.

1. Weather data. The TMY of Stuttgart was used. Figure 6.4 presents
a summary of the weather with monthly resolution. Stuttgart has a slightly
continental weather with comfortable summers and cold, but not freezing
and windy winters, and is partly cloudy year-round.

2. Construction data. The Construction library containing the infor-
mation extracted from the German standard Deutsche Gebaeudetypologie,
Institut Wohnen und Umwelta 2011 [105] was used. It is accessed by build-
ing type and year of construction. The building type is derived from the
geometry of the building as it was explained in section 3.2.

3. Human behaviour and internal loads data. The German Usage
Library, based on the standards DIN 18599-10 [65] and VDI 3807-2 [203],
was chosen. This library is accessed by usage.

6.2.2 Workflow steps

Once the input and the settings are selected, the workflow runs following the
schema presented in 6.5.

First, all buildings selected from the gml file are mapped to the corresponding
input file for SRA (see section 2.2) declaring which of all are the target of cal-

aGerman Building Typologies, Institute for Housing and Environment
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Figure 6.4: Monthly meteorological data of Stuttgart from the TMY (Source:
METEONORM).

culation. Also, with the coordinates, the corresponding TMY file is selected
to extract the direct normal and diffuse horizontal irradiance, also needed
as inputs to SRA. Then, the tool is called obtaining the hourly irradiance on
every wall and roof of the buildings under study. This information is used
to calculate the heating demand as well as the PV production. From the
TMY file, also the ambient temperature is extracted to, using the Weather
preprocessor, calculate sky and ground temperatures. Once this is done, the
following process starts for each building of the list. The process can be
done in a loop or in parallel using different terminals thanks to the Ci-NERGY
platform (see section 2.2).

1. Creation of weather file. The three temperatures, together with the
irradiation on external surfaces, are written in a file. The insel model later
uses this file during the simulation.

2. Creation of the INSEL file. The geometrical information is mapped
from the gml file to the Geometrical preprocessor to define the type of build-
ing. With this parameter and the year of construction, the Construction
Library is accessed. Finally, the geometrical and construction information
is used to write the INSEL file, which is the main file used by the INSEL

engine. It contains the definition of the building and the paths to read all
files created during the process.
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Figure 6.5: Workflow diagram.
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3. Creation of the view factors files. Again with the geometrical infor-
mation, the view factors of each thermal zone (one per storey) are calculated
and then are written in separate ViewFactors files.

4. Creation of internal gains and setpoints file. The Usage library
is called to extract the information needed according to the usage of the
building. With this information, the InternalGains file is created.

5. Creation of the DHWCalc.ini file. The information related to the
DHW consumption provided with the Usage preprocessor is used to generate
the input file for DHWCalc.

6. Simulations. Finally, first INSEL is called, and two output files are gener-
ated. The ResulTemp file, containing the hourly distribution of temperatures
over the year inside each defined thermal zone, and the ResulDem file, con-
taining the hourly heating and cooling demands over the year again for each
thermal zone. And secondly, DHWCalc is called to obtain the DHWout file
with the hourly heat demand for DHW preparation for each defined thermal
zone.

This whole process for all buildings is then repeated twice, once per level of
detail. Figure 6.6 shows the comparison between the total monthly heating
demand in both cases. At first glance, the demand in winter seems to be
underestimated when modelled in LoD1 while in warmer seasons is overes-
timated. That is due to differences in solar penetration and window ratios
between the two model’s LoDs. A more detailed analysis is presented in
section 6.4. After calculating it, the demand is used to analyse the energy
‘consumption’ of the correspondent supply system.

6.3 Supply system

To illustrate this second part of the workflow (steps 7 to 9), a supply system
composed by decentralised sets of an air-water HP and a PV field have been
selected as an example. Only those buildings with thermal demand have a
supply system; thus, the roofs of those buildings without demand are not
used to generate any extra PV electricity.
Two different prices are established in Germany for the electricity sold to the
grid (12.5 cents/kWh), and that bought from the grid (26 cents/kWh). An
economic analysis could be done to define whether it is economically inter-
esting to include electrical storage in the system. Nevertheless, energetically
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Figure 6.6: Comparison of the monthly heating demand [MWh] for two levels
of detail.

is better to not having storage and therefore, avoiding the losses related to it
(and the big environmental impact of the production and disposal). Besides,
the economical analysis is out of the scope of this thesis. Thus, no electrical
storage is assigned to the PV panels, assuming that the excess of electricity
generated can be sent to the grid.

7. PV generation on roofs. Using the output of SRA on roofs (see Figure
6.7), the electricity generated hourly at each roof is calculated as:

PPV =

roofs∑
i=1

(Ii Ai) CCON CPROT CGCR ηPV (6.1)

where Ii [W/m2] is the hourly irradiance on roof i, Ai [m2] is the area of
the corresponding roof, and ηPV [-] is the efficiency of the PV system that
includes the modules efficiency (assumed for the study 0.15) and the system
performance ratio (0.85). Finally, the roof area reduction factors used are
(see Solar System dimensioning in section 3.3):

- Construction restrictions : CCON = 0.8 for flat roofs and CCON = 0.9
for pitched roofs.

- Protected buildings : There are not protected buildings in the blocks, so
CPROT = 1.
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Figure 6.7: Yearly solar irradiance on roofs [kWh/m2].

- Separation of panels : CGCR = 0.46 for flat roofs and CGCR = 0.9 for
pitched roofs. This factor includes the reduction due to the service
area.

8. Air-water heat pumps dimensioning. The dimensioning described
in section 3.3 is followed. This dimensioning ensures a demand coverage by
the HP bigger than 99.5% in all buildings.

9. Calculation of heat pumps consumption and contribution of PV.
The output power (PHPout [W]) is calculated at each hour as:

If Pdem < PHPnom ⇒ PHPout = Pdem (6.2)

Else ⇒ PHPout = PHPnom (6.3)

And, the required electricity (PHPelec [W]) as:

PHPelec =
PHPout
COP

(6.4)

where the COP is obtained as it was described in section 3.3.

Figure 6.8 shows the yearly electricity demand covered by both sources and
the electricity fed into the grid, clustering the buildings by usage. All build-
ings reproduce the same behaviour, covering between 3% and a maximum of
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Figure 6.8: Yearly electricity use [kWh].

16.7% of the electricity demanded by the HP with the PV system (Figure
6.9). That is due to the mismatch between demand and supply not only dur-
ing the day, but mainly over the year. An example is shown in Figure 6.11,
where the monthly distribution is presented. It is clear how the mismatch
between demand (mainly in winter) and supply (in summer) makes the PV
production not directly usable by the system. The same behaviour occurs
during a single day, when the bigger supply happens during the lowest de-
mands (central hours of the day). That can be seen in Figure 6.13 (one week
in winter) and Figure 6.14 (one week in summer) for three different usages
(Figure 6.10 show the selected buildings: building A in dark blue, building
B in red and building C in orange). If the grid could be considered a big
electrical storage, a net balance between what is pumped in the grid and
what is extracted could be done, increasing those percentages tremendously
(Figure 6.12). Although this consideration is completely unreal, it is a way to
somehow account on that extra renewable electricity that the small system
contributes to the total electrical consumption.
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Figure 6.9: Percentage of annual electricity demand covered by PV and grid.

Figure 6.10: Selected buildings.

Figure 6.11: Monthly electricity use of one example building [kWh].
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Figure 6.12: Percentage of annual electricity demand covered by PV and net
grid.

(a) Buildign A: Mixed, residential-office and administration.

(b) Building B: Retail.

(c) Building C: Residential.

Figure 6.13: Behaviour of the system during one week in January.
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(a) Building A: Mixed, residential-office and administration.

(b) Building B: Retail.

(c) Building C: Residential.

Figure 6.14: Behaviour of the system during one week in June.
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(a) LoD1 to roof eave. (b) LoD1 to roof ridge.

Figure 6.15: Definitions of LoD1.

6.4 Comparison between LoD1 and LoD2

In this section, an analysis of the results obtained during heat demand cal-
culation in a group of buildings modelled in two different levels of detail
of the 3D geometry is performed. Figure 6.2 shows the 3D representation
of both levels of detail (LoD) again. The LoD1 model, as can be observed
in the figure, is a vertical extrusion of the building’s footprint to a defined
height. This height depends on the modeller’s criteria. It is usually defined
to either the eave or the ridge of the roof, but also something in between.
In the case of unheated roofs, isolated at ceiling level, the considered height
should be, from a thermal perspective, up to the eave. While if heated, this
should more correctly be approximated to the mid-height between the two
(eave and ridge). This information is, however, very often unknown at the
stage of the 3D model construction, so it is risky to assume that the mod-
eller considered this concept. Figure 6.15 shows two buildings extracted from
the case study that present both cases. On the left, a building modelled in
LoD1 is defined to the eave height, while it is to the ridge height on the
right. Before analysing the complete set, the results of some buildings have
been extracted from the comparison exercise. That is due to some errors in
their data models which were easy to detect (the buildings were simulated,
but their results could not be compared). For example, building in Figure
6.16 was not represented in LoD1, so it could not be compared. That one
in Figure 6.17 was modelled much taller than it should. It seems that the
modeller has used the same height as the one of the adjacent building. That
produces an overestimation of the thermal demand in LoD1.
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Figure 6.16: Error 1. A building missing in the LoD1 data model.

Figure 6.17: Error 2. Building much bigger in LoD1 model than in LoD2
model.
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Figure 6.18: Ratio volume LoD1 vs LoD2.

The buildings contained in the two blocks under study are mainly modelled
to the roof eave in LoD1, and therefore, this model represents the buildings
in general smaller than in reality. The buildings can be divided into two
groups; those with flat and those with tilted roofs. The first group has the
advantage that their representation in both levels of detail is similar. In
principle, there should be no difference between their representation in LoD1
or LoD2 and, therefore, the differences in simulated demand between the
two details should only be due to the effect of the surroundings. That is
not entirely true in the case under study. There are small differences in
building’s height –and therefore, volumes (the footprint areas are exactly the
same in both details)– and shared-wallb areas between the flat-roof buildings
represented in both levels of detail. Figure 6.18 presents the ratio between the
volumes calculated in LoD1 and LoD2 of the flat-roof buildings with thermal
demand, and Figure 6.19 compares their shared-wall ratios, understanding
them as the shared-wall area divided by the sum of the areas of shared and
no shared walls, windows and roofs.

These two geometrical parameters affect the buildings’ area-volume ratio,
and the lower this ratio, the lower the specific demand. Figure 6.20 shows
the factor between the area-volume ratios in LoD1 and LoD2. In dark grey,
the flat-roof buildings follow the expected behaviour, bigger volume or shared
wall area implies lower area-volume ratio. The pitched-roofs case (light grey)
also include other aspects as the geometry is not any more the same in both
models. It can be observed how the area-volume ratio in LoD2 for tilted-

bShared-walls are those that separate two adjacent buildings; they are thermally defined
as adiabatic surfaces.
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Figure 6.19: Shared-wall ratios LoD1 and LoD2.

Figure 6.20: Factor area-volume ratios LoD1-LoD2.

roof buildings is in general smaller than in LoD1, which should imply lower
specific demand.

But, a third phenomenon plays an essential role in the buildings’ demands,
the solar penetration. In the case of flat-roof buildings, it is expected that
the solar penetration is higher in LoD1 than LoD2. That is because the
tilted-roof buildings are taller in LoD2 and, as they surround the float-roof
buildings, less solar irradiation can access their external surfaces. Figure 6.21
shows in dark grey those buildings with flat roofs. As expected, the ratio of
the demands in LoD1 vs LoD2 is smaller than 1 for all buildings with flat
roofs, as the effect of the solar penetration exceeds that of the compactness
(inverse of area-volume ratio). The only exception is explained because of
the error 2, as previously discuss (see Figure 6.17). Figure 6.22 shows the
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Figure 6.21: Ratio demand LoD1 vs LoD2.

Figure 6.22: Footprint error 2. Location of the building described in error 2
(dark blue) and the building affected by the extra radiation received due to
this error (orange).

footprint of the area where the buildings are placed. The building that causes
the exception is highlighted in orange. The building in dark blue is that of
error 2. Looking again at Figure 6.17, it can be observed that the building
in orange has much higher solar penetration in LoD2 than in LoD1, causing
the lower demand for the higher level of detail that is shown in Figure 6.21.

The solar penetration has an even higher effect on pitched-roof buildings
due to the existence of extra windows. The German standard used for con-
struction description defines a ratio of window area in tilted roofs (between
0.1 and 0.33, depending on the type of building and year of construction),
while there are no windows assigned to flat roofs. As windows have higher
U-value than walls, the losses increase in LoD2, and also do the solar gains
through the transparent areas. Therefore, the building’s total demand may
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increase or decrease in respect to the simulation in LoD1, depending on
the relative importance of each phenomenon. Nevertheless, the effect on the
hourly demand distribution is clear, during the central hours of the day when
the radiation is higher, a faster decrease on demand in attics is expected in
buildings represented in LoD2.

The same buildings presented in the previous section (Figure 6.10) have been
used to visualise the results. Roofs of buildings A and B are oriented NE-SW
and SE-NW respectively, while building C is oriented mainly E-W. Figure
6.23 shows the heating demand in the attics of two buildings during two days
in January for comparing both levels of detail together with the radiation on
the roofs in both cases. During the second day, with a clearer sky, the effect
of the irradiation on roofs can be seen. The demand of building A decreases
faster in LoD2 model than in LoD1 when the irradiation reaches the roofs,
increasing this effect during the hours in the afternoon when the irradiation
is more significant due to its orientation. The same effect, but more acute
during the mornings, is observed for building B. In both cases, the demand
increases, as expected, faster when modelled in LoD2 once the sun is gone.
That is due to the effect of the losses to the ambient. This difference in the
losses through the envelope is also observed in Figure 6.24. Figure 6.24(a)
shows the thermal demands together with the solar irradiation on roofs in
the same way as before. In contrast, Figure 6.24(b) presents the evolution of
the temperature inside the thermal volume. The temperatures defined in the
norm for residential buildings are 20◦C as set point and 16◦C as set back.
When the room is left in free-floating conditions while passing from 20 to 16
◦C, the temperature of the room modelled in LoD2 decreases faster than in

the other case (see Figure 6.24(b)), confirming the effect of the losses already
described.

6.5 Conclusions Application 1

This chapters has presented one application of the modular tool developed,
focusing on the building demand calculation. It has been proved with this
example that the tool can adapt to different levels of detail of the input
data. And that it is able to model a variety of building types. Furthermore,
the interaction building-urban context has been presented, highlighting the
importance of including the surroundings of the area under study. Finally,
a distributed supply system based on HP and PV panels has been analysed,
showing that this solution is not optimal for cold-weather cities.
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(a) Building A: Building oriented NE-SW.

(b) Building B: Building oriented SE-NW.

Figure 6.23: Comparison between LoD1 and LoD2 in heating demand and
solar irradiation on roofs.
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(a) Building C: Demand.

(b) Building C: Temperature.

Figure 6.24: Comparison between LoD1 and LoD2 in heating demand and
internal temperature.
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Chapter 7

Application 2. Energy
performance of decentralised
solar thermal, Vienna Case
Study

This second application case focuses on the behaviour of a DHN. Given the
heat demand as an input to the study (it has not been calculated), the im-
pact of a distributed solar thermal system on the DHN has been analysed.
Also, the potential of such a system on a real network in the city of Vienna
was studied. Finally, a comparison of the solar thermal system with a system
based on PV and heat pumps is discussed. The DHN model has been inter-
connected to several ‘prosumers’. Therefore, the supply stations can change
from heat ‘consumers’ to heat ‘producers’ at any calculation step, causing
significant fluctuations. This context makes the dynamics of the network to
play a crucial role.

This chapter was partially published in the book “Urban Energy Systems for
Low Carbon Cities” under the title “Applying Modeling and Optimisation
Tools to Existing City Quarters” [163].

147
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Figure 7.1: Schema of the Girasolstrasse branch (By: M. Potente).

7.1 Case study and Model description

7.1.1 Geographical area and heat demand

The network under study belongs to the DHN of the city of Vienna. It
is a secondary branch connected through two heat-exchangers in the supply
substation (S-G) to the main network. More than 25 buildings are connected
in parallel to the Girasolstrasse branch through 19 substations (Figure 7.1).

All buildings connected to one substation have been aggregated and treated
as a single entity, meaning, their demands have been added together. Also,
the solar areas and the storage volumes, so they are seen from the primary
side as just one consumer, and not separated buildings. The dataset con-
taining the description of the network was very complete, providing the main
parameters needed to define it, including length and diameters of pipes, to-
gether with four years with 15 minutes resolution of temperatures and flows
at the substations of the secondary side, the temperatures and flow at the
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Figure 7.2: Monthly demand of the substations of Girasolstrasse.

S-G substation in the primary side and ambient temperature. Data of the
year 2015 has been selected to develop the case study because it was the most
complete one. Figure 7.2 shows the monthly demand of all substations over
the year 2015. It can be seen how the total heat demand sharply decreases
during summer season according to the decrease of heating demand, remain-
ing only that due to the DHW preparation. This information was combined
with solar radiation data provided by the Austrian Central Institution for
Meteorology and Geodynamics (ZAMG by its German acronym). Figure 7.3
shows the monthly solar radiation on the city of Vienna during the year 2015.

No information about the buildings was available except for the total heated
area and number of stories, but only for some of them. The footprint areas of
the buildings range from around 200 m2 to not much more than 2000 m2 (the
footprint areas were not available, but were estimated in section 7.1.3 as it is
explained). This range, together with Figures 7.2 and 7.3 give a first impres-
sion of how difficult it may be to cover the complete demand of the network
only with solar energy. Nevertheless, there is still the possibility of being an
autonomous micro-grid during summer. The main idea of the study is to add
solar installations to the system while keeping the rest untouched. Thus, no
refurbishment on buildings was considered neither changes in the network
like temperature levels or substations sizes. Knowing that, the buildings are
not new, the heating systems in all buildings are assumed to be based on
radiators. Therefore, the new solar systems installed must produce water at
60◦C or more. Two months, January in winter and July in summer, have
been selected to perform the study. These two months have the lowest and
highest ratios of solar radiation to heat demand, respectively.
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Figure 7.3: Monthly meteorological data of Vienna in 2015 (Source: self
made with data from ZAMG).

7.1.2 The solar system models

The hydraulics of the solar system model are presented in Figure 7.4. The
solar thermal system is mainly composed of solar panels connected to a stor-
age tank through a heat exchanger. On the solar panels side, a standard
water-glycol mixture is used to prevent freezing in winter. Through the rest
of the pipes just water circulates. The system is thermally connected through
a second heat exchanger to the DHN. The central component of the system
is the storage tank. The solar input goes directly there as well as the input
from the network. Both mass flows converge thanks to a mixing valve (V1),
allowing the activation of pumps B2 and B3 in parallel. At the same time,
the demand is always covered from the tank. This configuration is widely
used in the sector to smooth the peaks in demand. The possible working
modes are the following:

M 1. Solar heating mode: pumps B1 and B2 on.

M 2. Network heating mode: pump B3 on.

M 3. Solar surplus to net: pump B4 on.

M 4. Covering demand mode: pump B5 on.

Valves V3 and V4 separate modes 2 and 3, so they can not occur in parallel.
There is no other hydraulic restriction; the activation-deactivation of other
modes depend on the control system, which is based on tank temperatures
and solar radiation. The control strategies are explained at the end of this
section. The same components of the system were selected for all substations.
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Figure 7.4: Schema of the solar thermal system.

Fluid [-] Water-glycol
mixture

Orientation [-] South
Inclination of solar collector [◦] 30.0
a0 at normal incidence [-] 0.642
Linear heat loss coefficient
[W/m2K]

0.89

Quadratic heat loss coefficient
[W/m2K2]

0.001

IAM [-] 0.9

Table 7.1: Solar thermal collector parameters.

Fluid [-] Water
Overall heat loss coefficient
[W/m2K]

2.247

Ambient temperature around
the tank [◦C]

8

Table 7.2: Storage tank’s parameters
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Tables 7.1 and 7.2 present the simulation parameters of the solar thermal
collectors and tanks. A very efficient evacuated tube collector from those
found on the market has been chosen for the study. Two counterflow heat
exchangers with an overall heat transfer coefficient of 3500 W/m2K for the
one on the solar side and 3000 W/m2K for the one connecting with the
DHN have been chosen. On the secondary side (the solar thermal systems),
only the thermal behaviour is simulated. Still, the model of the network
in the primary side takes into account both the thermal and the hydraulic
behaviour. Therefore, a pressure loss of 200 kPa has been assumed on the
primary side of the DHN heat exchanger. Finally, a control system for pumps
and valves with the following strategy has been included:

- Whenever the radiation is high enough (threshold 150 W/m2), the solar
collector pumps start working to feed the tank.

- The solar field has a maximum working temperature of 99◦C due to
pressure restrictions. Whenever this temperature is reached, a security
valve opens losing the energy.

- If the tank is “full” (the temperature at the top of the tank higher than
75◦C), its energy is supplied to the net.

- If the tank is “empty” and the solar input is insufficient (temperature
on top of the tank lower than 60◦C), the deficit is supplied from the
net.

- The pumps on the demand side work whenever there is a demand.

7.1.3 System dimensioning

The system dimensioning has been carried out considering the solar collector
area as a limiting parameter. The rest of the components have been calcu-
lated according to this. The maximum solar collector area, as was presented
in section 7.1.1, is not enough to cover the complete demand, so the systems
are surely not oversized. The maximum collector area per building has been
calculated based on the work developed by L. Romero et al. [178] where a
systematic process to evaluate the usable roof area for PV and solar thermal
depending on the available geometrical data of the building is defined. Due
to data privacy reasons, the actual buildings connected to every substation
were not known, but only some characteristics of them. Table 7.3 presents
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Floors Heating surface
[m2]

Annual demand
[MWh]

Estimated
footprint [m2]

GA 4 8320 1753 2080
GB 2 704 284 352
GC 6 1640 179 273
GD 6 19212 1930 3202
GE 9 2770 324 308
GF 5 11650 943 2330
GG 8 2408 244 301
GH 6 4036 429 673
GI ? 10835 1194 2709
GJ ? 2748 292 687
GK 8 4227 838 528
GO ? ? 169 321
GL ? 4662 446 1166
GM ? 2491 278 623
GM1 ? 3351 406 838
GM2 5 2569 190 514
GN 3 5377 562 1792
GN1 5 3255 418 651
GN2 3 1766 163 589

Table 7.3: Substation parameters.

the known parameters per building, always aggregated by substation. The
footprint has been estimated as follows:

- For those buildings with available information, the footprint has been
calculated as the total heated surface divided by the number of floors.

- For those buildings where the number of floors was unknown, 4 floors
were assumed. The footprint has been calculated as in the previous
case.

- Finally, when the heated surface area was also unknown, then:

1. The total specific demand of every other building was calculated
as:

qh =
Qh

Ah
(7.1)

2. The mean specific demand of the group q̄h was then calculated.
3. Finally, the heated surface of the unknown building was estimated

as:

Afp =
Qh

q̄h · nfloors
(7.2)

The roof was considered to be flat and with the same footprint area in the
absence of further information. Then, according to the dimensioning process
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described in section 3.3, the reduction factor of the roof area used in the case
study are:

- Construction restrictions : CCON = 0.8 for flat roofs.

- Protected buildings : It was assumed that the district had not protected
buildings, CPROT = 1.

- Separation of panels : CGCR = 0.46.

- Service area: This factor is already included in CGCR.

For this specific case, where the roofs are flat and the shadows between solar
panels have not been simulated, one more reduction factor must be added,
also extracted from the study carried out by Romero, L. et al. in [178].

- Shadow effects : CSH = 0.7 for flat roofs.

Finally, the total collector area (Acoll) is calculated using Equation 3.4.

A solar volume flow rate of 54 l/(m2h) was set and, for the dimensioning of
the tanks, two cases have been considered with a ratio of tank volume to
solar area of 0.05 m3/m2 and 0.2 m3/m2. Table 7.4 summarises the size of
the systems connected to each substation.

7.2 Results and discussion

Table 7.5 presents the results of cases 1 and 2 for both months, January
and July. The solar energy used refers to the total amount of solar energy
collected during the month and used either to cover demand or to feed the
net. The solar energy lost accounts for the losses due to exceeding the maxi-
mum temperature in the collector field. The high amount of these losses are
caused by the high tank temperatures required by the heating systems in the
buildings. That leads, in turn, to high net temperatures, 65◦C in summer
and 70-85◦C during winter. That leaves only a small margin for the solar
collectors to operate. Heat imported refers to the total energy extracted from
the net and the heat exported to that excess of solar energy released to the
net. The losses to the ground are presented in total amount of energy and
in percentage of the increase with respect to the initial value (original case
without consumers). Finally, the energy consumed by the pumps has been
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Solar collector
area[m2]

Storage volume
case 1 [m3]

Storage volume
case 2 [m3]

GA 536 26.8 107.2
GB 91 4.5 18.2
GC 71 3.5 14.2
GD 825 41.2 165.0
GE 80 4.0 16.0
GF 600 30.0 120.0
GG 78 3.9 15.6
GH 173 8.7 34.6
GI 698 34.9 139.6
GJ 177 8.8 35.4
GK 136 6.8 27.2
GO 83 4.1 16.7
GL 300 15.0 60.0
GM 160 8.0 32.0
GM1 216 10.8 43.2
GM2 132 6.6 26.4
GN 462 23.1 92.4
GN1 168 8.4 33.6
GN2 152 7.6 30.4

Table 7.4: Solar systems of each substation.

January July
Case 1 Case 2 Case 1 Case 2

Total collector area [m2] 5138 5138 5138 5138
Total tank volume [m3] 1027.6 256.9 1027.6 256.9
Total demand [MWh] 1665.1 1665.1 345.8 345.8
Solar used [MWh] 68.71 62.65 403.21 396.25
Solar lost [MWh] 86.77 90.22 106.72 112.18
Heat imported [MWh] 1564.46 1596.36 26.04 18.24
Heat exported [MWh] 0.0 0.68 74.83 64.92
Losses to the ground [MWh] 65.86 65.74 51.24 53.83
Increase of losses to the ground [%] 2.12 1.93 40.18 47.29
Pumps consumption [MWh] 0.3 0.3 2.7 3.3

Table 7.5: Summary results solar thermal.
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calculated assuming that the pumps operate with a constant efficiency as the
hydraulics of the ‘prosumer’ are not simulated. A correlation of the power of
the pumps Ep [Wh] as a function of the mass flow has been extracted from
a water pumps catalogue:

Ep =
∑
i

Pi · hi (7.3)

where hi [h] are the hours of operation of each pump and Pi [W] is its power
calculated with the correlation as in 7.4.

Pi = 7.897 + 35.104 · ṁi (7.4)

Effects of the storage volume on the solar use. Increasing the storage
volume has two opposite effects. On the one hand, the storage capacity
ensures a bigger solar energy collection. But, on the other hand, it implies
bigger thermal losses. These two effects may lead, as extracted from the
results, to a low improvement or even worsening the system efficiency.

Restrictions to a bigger solar energy use:

- Low solar area: One of the main points, as predicted in the introduc-
tion, is the low solar area available, which is a common issue in cities.
This fact can not even be compensated with the high efficiency of the
evacuated tube collectors.

- High net temperatures : The setpoint net temperature is very high for
an efficient solar energy use. That is more acute in winter when the
net temperatures range between 70 and 85◦C, but also when in summer
they stay constant at 65◦C. For example, a reduction of 10◦C of the net
temperature in winter could increase the solar use during January by
77 and 45 MWh for cases 1 and 2, respectively. This means more than
double the energy for case 1 and an increase of almost 73% for case 2.
Nevertheless, this reduction could only be made after a refurbishment
of the buildings envelope and a modification of the heating systems
inside them that would lead to a lower set-temperature for the heating
systems in buildings.
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- Thresholds temperatures in the net : This case study does not contem-
plate an upper threshold on net temperatures, so the maximum tem-
perature is defined by the solar field (99◦C). But, it is usual that the net
does not allow temperatures above a limit to ensure the proper func-
tioning of downstream substations. A limitation on the solar injection
temperatures could highly decrease the harnessing of solar energy.

- Increasing losses : Finally, the increase of the temperatures of the net
due to the solar injection increases, in turn, the thermal losses to the
ground (between 40% and 47% in July in this study).

7.3 Comparison with a system based on PV

and heat pumps

In this section, a new option is considered instead of the solar thermal system
and the results are compared in terms of primary energy. The new system
considered is a decentralised water-water heat pump (HP) installation. The
condensers of the heat pumps are connected to the DHN, whose temperature
is lowered to 40◦C. The heat pumps are driven by photovoltaic electricity
when possible. There is no storage for the PV, but if there is an electrical
surplus, this can be fed back into the grid. These systems have two main
advantages. First, the COP of the water-water heat pumps is very high, so
the electrical consumption compared to, for example, air-water heat pumps
is much lower. Second, the losses in the network are reduced with the tem-
perature. Nevertheless, there is an extra electrical consumption from the HP
that may not be covered entirely with PV. The calculation of this system has
been done in a simplified way. Both the PV panels and the HP have been
considered to have constant efficiency:

ηPV = 0.15

COPHP = 4.5

Considering that the temperatures of condenser and evaporator of the HP
remain almost constant over the year, the assumption is suitable. The elec-
tricity produced by the PV panels at each substation i, PPV i [W ], has been
calculated using Equation 3.7. Then, at every hour the needs of electricity
have been compared with the PV production and two results per substation
have been obtained:
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If
Q̇i(t)

COPHP
> PPV i(t), PGi(t)[W ] =

Q̇i(t)

COPHP
− PPV i(t) (7.5)

Else, PPV Gi[W ] = PPV i(t)−
Q̇i(t)

COPHP
(7.6)

where Q̇i [W] is the thermal demand for heating and DHW, PGi [W] is the
electricity needed for driving the HP taken from the net and PPV Gi [W] is
the extra electricity generated by the panels and sent back to the grid at
each substation. Furthermore, the savings on the thermal side Q̇save [W ]
have been calculated as:

Q̇save(t) = Q̇i(t) ·
1

COPHP
+ ˙QlT s − ˙Ql40 (7.7)

where ˙QlT s [W] is the losses on the DHN at the original supply tempera-
ture and ˙Ql40 [W] is the losses at 40◦C. Both losses have been dynamically
simulated for the complete network. Finally, the final energy has been con-
verted to primary energy to be able to compare electricity with heat, using
the following Primary Energy Factors assigned to Austria in [128]:

PEFelec = 1.91

PEFheat = 1.01

For the comparison between the two systems, only the best solar thermal
case (Case 1) was chosen. Table 7.6 summarises the results from System 1
and System 2 for the comparison. System 1 is the combination of PV plus
Heat Pump (PV + HP). System 2 is Case 1 of the solar thermal system (ST).
The results are presented in Primary Energy by applying the corresponding
Primary Energy Factors. Negative values refer to energy saved and positive
values to extra energy demanded. The thermal savings achieved thanks to
the system refers, in the case of System 1, to the savings in thermal energy
due to the high COP of the heat pumps. In the case of System 2, the thermal
savings are the solar energy used and exported minus the extra losses to the
ground. System 1 has an extra amount of thermal energy demand saved
due to the reduction of the network temperature to 40◦C. Finally, the extra
electricity consumption of System 1 is due to the electrical consumption of
the heat pumps minus the electricity generated by the PV panels. When
positive (January), it means that the system has consumed more electricity
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January July
System 1 System 2 System 1 System 2
PV+HP ST Case 1 PV+HP ST Case 1

Demand covered by
solar [%]

12.12 1.49 100 90.28

Thermal savings due
to system [MWh]

-409.47 -68.02 -102.11 -467.99

Thermal savings for
lowering Tsup [MWh]

-35.39 - -24.25 -

Extra electricity con-
sumption [MWh]

621.11 0.56 -137.96 5.15

Table 7.6: Comparison solar thermal vs PV plus Heat Pump

from the grid than generated. When negative (July), the opposite is true,
i.e. the PV panels have generated more electricity, and this extra amount is
sold to the grid. In the case of System 2, the extra electricity consumption
is due to the pumps activity.

Figures 7.5 and 7.6 show how the savings in thermal energy in System 1
(PV + HP) come at the expense of high electrical energy consumption. Due
to the limited solar area, a significant portion of this consumption comes
from the grid. On the other hand, during summer the total demand can
be covered with solar energy and some extra electricity can be sold to the
grid. The energy mix in the grid plays a significant role in the selection
of the best option, as it gives a clue to decide whether the thermal savings
compensate the energy consumed from the grid or not. A better mix (with
more renewable) can decrease the Primary Energy Factor significantly, and
therefore, the ‘Extra electricity consumption’ bar. Figure 7.7 resumes the
total primary energy consumption for both months and both systems. It can
be clearly seen how System 1 consumes extra energy in winter, or it can save
just a small amount of thermal energy in summer, depending on the relation
between heat demand and solar supply. At the same time, system 1 exports
electricity to the grid in summer. System 2 can save primary energy for
heating and DHW in both months and that, apart from pumping electricity,
has nearly no impact on the electrical grid. The selected months, January
and July, are those that have the higher and lower relation of demand to
solar supply. Therefore, it can be stated that the thermal savings over the
year for System 2 would always be negative (i.e. always some energy saved),
but not very high in absolute terms. As the savings of these two months
amount to almost 26% of the total demand, it can be assumed that the
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Figure 7.5: Comparative results in primary energy in January. It represents
the total energy of all buildings together.

Figure 7.6: Comparative results in primary energy in July. It represents the
total energy of all buildings together.
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Figure 7.7: Resume in primary energy.

yearly percentage would be around that value. In terms of total primary
energy savings, System 2 (Solar Thermal) performs better than the PV+Heat
pump system. Nevertheless, none of them is an optimum solution. System 1
still needs a high amount of electricity consumed from the grid, and the high
working temperatures of System 2 do not provide the best conditions for an
efficient solar thermal system operation.

7.4 Conclusions Application 2

This chapter presented a second application of the developed tool. In this
case, the focus was made on the DHN model and its interaction with the sup-
ply system. This example highlights the importance of being able to capture
the dynamics of the network. It demonstrates that the temperature waves
affect the behaviour of the system by reducing the capacity of the network to
absorb all heat coming from the ‘prosumers’. The application also shows the
capacity of the tool to incorporate renewable sources, including solar thermal
as well as PV systems. Finally, these two systems, including solar thermal
and distributed HP + PV system, have been compared and their results
discussed. None of them show important reductions in the energy ‘consump-
tion’, being the thermal solution slightly better than the photovoltaic one.
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Chapter 8

Conclusions and further
research

8.1 Conclusions and summary of key findings

In section 1.2, the aim of this thesis was presented, which is to produce a
useful and flexible tool by connecting data and system models in a coherent
way to help in decision-making processes regarding the urban energy system
with a particular focus on thermal energy performance and renewable en-
ergy potential in heating and cooling systems. To this end, a list of specific
objectives was outlined.

1. To develop a flexible building model

In chapter 4, a new dynamic building model has been described. It is a white
box model designed to be very modular in order to accommodate to diverse
types of buildings in a city stock. It can also be automatically generated
based on different details of the input data, allowing easy and fast multi-
building simulation. The application presented in chapter 6 proves these
characteristics. Finally, its modularity ensures the capability to integrate new
modules for specific functions such as stochastic models of human behaviour
profiles or more sophisticated and up-to-date construction alternatives.

163
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2. To produce a DHN model

Chapter 5 presents a pseudo-dynamic DHN model and a methodology devel-
oped to ensure that the model captures the dynamics of the network. This
property has been demonstrated to be crucial to understand the impact of
distributed intermittent supply sources, very common in renewable systems
(explained in section 5.2).

3. To validate models

Both models have been validated following different techniques, either an
interprogram comparison or empirical validation when available. The results
are exposed in their relevant chapters 4 and 5, proving their capability to
model both elements accurately.

4. To integrate the models in a modular Urban Energy System
simulation environment

A methodological approach has been developed and represented in a work-
flow, which was integrated into two different tools, including a desktop appli-
cation (SimStadt) and an online server (Ci-NERGY). The workflow presents
three main characteristics with which it can contribute to the area:

- It is very modular, allowing different studies with the same tool and
being able to adjust the models to the level of detail of the input data
available.

- It includes automation of data setting for dynamic simulation, which
facilitates the simulation of large areas.

- It considers the interaction building-urban context as well as building-
network.

Other aspects highlighted in the literature review as essential requirements
have also been included in the tools. Section 8.1.1 reviews them.

5. To demonstrate the usefulness of the modular urban simulation
tool for decision-making processes

Two applications, described in chapters 6 and 7, illustrate the usability of
the developed tool. The first one studies the impact of a distributed HP+PV
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system in the electricity consumption of a neighbourhood. Instead, the sec-
ond one focuses on the DHN, analysing the effect of connecting ‘producers’ to
the network and its capacity to absorb the heat of a distributed solar system.
It also reports the savings of the installation of such a system.

8.1.1 Achieving key requirements for Urban Energy
System Model tools

R1. Automatic data mapping

The author has participated in the input data mapping related to the building
geometry, its construction properties and the usage characteristics, as well
as in the weather data mapping. Several classes were written in Java to
automatize the input data mapping and preprocessing. This work has been
presented in sections 3.1 and 3.2. Although some work was also done related
to the definition of the DHN data models in the context of the development
of the Utility Network ADE a, the model structure is not fully defined, and
the data mapping could not be developed yet.

R3. Model up to 4DH system

An extensive work has been done in this regard. First, a new dynamic
building model (presented in chapter 4) has been developed and tested. Then,
a methodology to improve a DHN model has been developed (described in
section 5.3). After integrating it, the model is able to catch the dynamics of
the network.

R4. Take into account the urban context

The author has worked on the integration of SRA in the workflow. Also, on
the mapping of its outputs into the buildings and solar system models. SRA

allows the urban model to rigorously account on the short-wave irradiation
exchange in the urban context.

ahttps://en.wiki.utilitynetworks.sig3d.org

https://en.wiki.utilitynetworks.sig3d.org
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R6. Ability to accommodate to different levels of detail

Both the workflow structure and the models’ composition has been devel-
oped, following a strategy of modularity and independence between parts.
This modularity allows tailoring to different configurations and levels of de-
tail of the input model. The application presented in chapter 6 makes use
of this quality to perform a comparison between the outputs obtained with
two LoD of the 3D input data, concluding that both LoD can be simulated
although the results must be analysed. The differences in geometry due to
errors or inaccuracies may provoke substantial differences in the outputs be-
cause of the building’s geometry, but also due to the interactions with the
surroundings. Three features that affect the demand were pointed out in the
study: (1) the volume of the building, which differs from one level of detail
to the other, affecting the total demand; (2) the solar penetration, which de-
pends on the height of the buildings and their distribution, affecting the total
gains in the buildings. Higher solar penetration results in lower total annual
demand, but also has an impact on the distribution over the year (monthly
demand) and the day. And finally, (3) the differences in the construction –in
the case of study, the existence of windows on pitched roofs in LoD2–, that
increase the total gains to the buildings mostly in central hours of the day.
But also, the total losses during night hours. This behaviour affects mostly
the attic where the windows are found.

R7. Ability to perform dynamic simulations

The dynamics of the system have been taken into account when develop-
ing the models considering that they play an essential role when renewable
energies form part of it. Thus, the thermal behaviour of both the building
and the network have been modelled according to that. That is reflected, for
example, in the hourly outputs of the buildings studied in chapter 6. Also,
in the capture of the temperature wave inside a network presented in section
5.3.

R8. Open to modifications, updates or improvements

Together with the modularity, the access to the model codes and the use of
free tools is crucial to fulfilling this requirement. Therefore, the models have
been developed in a tool (INSEL) that was entirely accessible to the author
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and that is freely available since 2018. The mapping and data preprocessing
was coded in Java.

8.2 Further research

The research presented in this thesis can be seen as a stepping-stone towards
the achievement of energy-efficient districts, providing models of building
demand and DHN simulation to allow thermal energy analysis at district
scale. However, the scope of the proposed tool is very wide, and the work in
modelling urban energy systems is far from complete.

The models could be developed further to improve their scopes and increase
their ability to provide insight into urban energy performance. Regarding
building’s demand simulation, models of special constructions such as green
or Trombe walls could be added. The improvement of the building model
by including air exchange between zones or latent flows is also an exciting
path to follow. Even more, the interconnection with stochastic models of
occupants presence or interaction with building envelope (for example in a
similar way as Chapman et al. did coupling No-MASS with EnergyPlus using
FMI [47]); or urban micro-climate, are also clear open tasks.

In the DHN model, the effect of the heat losses to the ground is neglected,
considering that the ground temperature is not affected by the network; this
could be another field of research.

The list of supply systems, either renewable or conventional is very short. An
extensive work for incorporating distributed and centralised supply systems’
models could be done. That would also require mechanisms to define how
they should be coupled and controlled; prioritising more renewable systems
over the non-renewable counterparts, for example, that would be engaged as
a backup.

Furthermore, the databases accessible by the tool should increase with a
particular focus on the CityGML ADEs.

Finally, the building physical model has been validated following several
methodologies; a similar work should be done to test the complete work-
flow, including hypothesis and weather interactions with particular interest
also in cooling demand. A dedicated multi-building and system measurement
campaign would be invaluable in this regard.
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tional Symposium on DH and Cooling, 2014.

[42] Lisa Brand, Alexandra Calvén, Jessica Englund, Henrik Landersjö,
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[46] Yunus A Çengel and Afshin Jahanshahi Ghajar. Transferencia de calor
y masa: fundamentos y aplicaciones. McGraw-Hill, 2011.

[47] Jacob Chapman, Peer-Olaf Siebers, and Darren Robinson. Multi-agent
stochastic simulation of occupants for building simulation. 2017.

[48] J Chinchilla-Guarin and J Rosero. Evaluation of the Impact of En-
vironmental Variables on Line Rating and Energy Dispatch. Energy
Procedia, 100:405–411, 2016.

[49] K Ciuprinskas and B Narbutis. Experiments on heat losses from district
heating pipelines. Energetika, 2:35–40, 1999.

[50] J.A. Clarke and P.A. Strachan. Climate change Energy and the en-
vironment Simulation of conventional and renewable building energy
systems. Renewable Energy, 5(5):1178 – 1189, 1994.

[51] Joe A Clarke. Energy simulation in building design. Routledge, 2001.

[52] Wesley J. Cole, Kody M. Powell, Elaine T. Hale, and Thomas F. Edgar.
Reduced-order residential home modeling for model predictive control.
Energy and Buildings, 74:69 – 77, 2014.

[53] Ester Coma and Phil Jones. ‘Buildings as Power Stations’: An En-
ergy Simulation Tool for Housing. Procedia Engineering, 118:58 – 71,
2015. Defining the future of sustainability and resilience in design,
engineering and construction.

[54] E Commission. European Commission COM(2011) 109 final. Com-
munication From The Commission To The European Parliament, The
Council, The European Economic And Social Committee And The
Committee Of The Regions. Energy Efficiency Plan 2011. 2011.

[55] European Commission. Europe 2020. A European strategy for smart,
sustainable and inclusive growth, 2010.

[56] Richard Courant, Kurt Friedrichs, and Hans Lewy. On the partial
difference equations of mathematical physics. IBM journal of Research
and Development, 11(2):215–234, 1967.



174 BIBLIOGRAPHY

[57] Drury B Crawley. Which weather data should you use for energy sim-
ulations of commercial buildings? Transactions-American society of
heating refrigerating and air conditioning engineers, 104:498–515, 1998.

[58] Vinicio Curti, Michael R von Spakovsky, and Daniel Favrat. An enviro-
nomic approach for the modeling and optimization of a district heating
network based on centralized and decentralized heat pumps, cogener-
ation and/or gas furnace. Part I: Methodology. International Journal
of Thermal Sciences, 39(7):721–730, 2000.
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[60] Asociación Técnica Española de Climatización y Refrigeración (ATE-
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Linköping University Electronic Press, 2015.

[87] Clara Stina Good, Gabriele Lobaccaro, and Siri H̊aklau. Optimization
of Solar Energy Potential for Buildings in Urban Areas - A Norwegian
Case Study. Energy Procedia, 58:166 – 171, 2014. Renewable Energy
Research Conference, RERC 2014.

[88] JM Gordon and T Agami Reddy. Time series analysis of hourly global
horizontal solar radiation. Solar Energy, 41(5):423–429, 1988.



BIBLIOGRAPHY 177

[89] Stefan Gracik, Mohammad Heidarinejad, Jiying Liu, and Jelena Sre-
bric. Effect of urban neighborhoods on the performance of building
cooling systems. Building and Environment, 90:15 – 29, 2015.
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Appendix A

Brief glossary

Tool: Generic word referring to any application (simulation engine, software,
platform or framework) susceptible to be used for simulation.

Simulation engine: Simulation tool without user interface.

Software: Stand-alone tool including simulation engine and user interfaces
for data input and results.

Platform: Computational architecture that connects several software and/or
simulation engines (each one modelling different components of the system)
and feeds all of them with the needed data.

Some software are susceptible to be used also as simulation engines. In this
case, the user interface is provided by the main tool where the simulation
engine is embedded. These software may be found in the ‘simulation engine’
group or the ‘software’ group depending on the use made of it.

Although the three following terms are not thermodynamically accurate, they
are widely used in the urban energy field and therefore, also in this thesis.

Consumer: An urban entity that is energy demander.

Producer: An urban entity that supplies energy to the urban system.

Prosumer: An urban entity that can behave as a ‘consumer’ or ‘producer’
depending on the circumstances.
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Appendix B

Computational models

B.1 Building model

B.1.1 ROOM block

Inputs Parameters
1 t 1 Vroom
2 Q̇sys conv 2 Ti0
3 Q̇IGconv 3 Cooling
4 Ta 4 Pc
5 ninf 5 Heating
6 Tmax 6 Ph
7 Tmin 7 HTB

8 nvent 8 n
9 Tvent 9... Ax
10 Q̇conv 10... hcx

Outputs
1 Troom
2 Q̇cool

3 Q̇heat

INPUTS

1. t: second of the year when the calculation is being done [s]

2. Q̇sys conv: convective heating and cooling power from plants to air node
[W]

3. Q̇IGconv: convective part of casual gains [W]

4. Ta: ambient temperature [◦C]

5. ninf : infiltration air change rate [1/h]
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6. Tmax: maximum air temperature set-point in the room [◦C]

7. Tmin: minimum air temperature set-point in the room [◦C]

8. nvent: ventilation air change rate [1/h]

9. Tvent: ventilation temperature [◦C]

10. Q̇conv: internal convection flows from enclosing surfaces [W]

PARAMETERS

1. Vroom: room air volume [m3]

2. Ti0: initial temperature of air point node [◦C]

3. Cooling: cooling system on/off

4. Pc: capacity of the cooling system [W]

5. Heating: heating system on/off

6. Ph: capacity of the heating system [W]

7. HTB: total heat transmittance due to thermal bridges [W/K]

8. n: number of enclosing surfaces

9. Ax: area of enclosing surface x [m2]

10. hcx: convective heat transfer coefficient in enclosing surface x [W/m2K]

OUTPUTS

1. Troom: temperature of the room air at the end of the time-step [◦C]

2. Q̇cool: cooling load (negative values of Q̇dem) [W]

3. Q̇heat: heating load (positive values of Q̇dem) [W]

B.1.2 WALL blocks

WALL

Inputs Parameters
1 t 1 hci
2 q̇rad swi 2 hco
3 q̇rad lwi 3 n
4 q̇IGradi 4... ex
5 q̇rad swo 5... λx
6 q̇rad lwo 6... ρx
7 q̇IGrado 7... cp x
8 Troomi
9 Troomo

Outputs
1 Ti
2 To
3 q̇convi
4 q̇convo
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WALLX

Inputs Parameters
1 t 1 hci
2 q̇rad swi 2 hco1
3 q̇rad lwi 3 hco2
4 q̇IGradi 4 hro
5 q̇sol 5 Fwall−sky
6 Ta 6 n
7 Tsky 7... ex
8 ws 8... λx
9 Troomi 9... ρx

10... cp x

Outputs
1 Ti
2 To
3 q̇convi

WALLG

Inputs Parameters
1 t 1 hci
2 q̇rad swi 2 n
3 q̇rad lwi 3... ex
4 q̇IGradi 4... λx
5 Tv 5... ρx
6 Troomi 6... cp x

4n+3 eg
4n+4 λg
4n+5 ρg
4n+6 cp g
4n+7 ev
4n+8 λv
4n+9 ρv
4n+0 cp v

Outputs
1 Ti
2
3 qci

INPUTS

Common for all three walls:

1. t: second of the year when the calculation is being done [s]

2. q̇rad swi: specific short-wave radiation on internal surface [W/m2]

3. q̇rad lwi: specific long-wave radiation on internal surface [W/m2]

4. q̇IGradi: specific radiative part of casual gains inside [W/m2]
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Inputs dependent on the block:

For WALL:

5. q̇rad swo: specific short-wave radiation on external surface [W/m2]

6. q̇rad lwo: specific long-wave radiation on external surface [W/m2]

7. q̇IGrado: specific radiative part of casual gains outside [W/m2]

8. Troomi: temperature of room air node [◦C]

9. Troomo: temperature of adjacent room air node [◦C]

For WALLX:

5. qsol: specific solar gains on external surface [W/m2]

6. Ta: ambient temperature [◦C]

7. Tsky: sky temperature [◦C]

8. ws: wind speed [m/s]

9. Troomi: temperature of room air node [◦C]

For WALLG:

5. Tv: virtual temperature at the end of the virtual layer [◦C]

6. Troomi: temperature of room air node [◦C]

PARAMETERS

For WALL:

1. hci: convective heat transfer coefficient on internal surface [W/m2K]

2. hco: convective heat transfer coefficient on external surface [W/m2K]

3. n: number of layers conforming the wall

4. ex: thickness of layer x [m]

5. λx: thermal conductivity of layer x [W/mK]

6. ρx: density of layer x [kg/m3]

7. cp x: heat capacity of layer x [J/kgK]

For WALLX:

1. hci: convective heat transfer coefficient on internal surface [W/m2K]

2. hco1: parameter 1 of convective heat transfer coefficient on external
surface [W/m2K]

3. hco2: parameter 2 of convective heat transfer coefficient on external
surface [Ws/m3K]
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4. hro: radiative heat transfer coefficient on external surface [W/m2K]

5. Fwall−sky: View factor from wall to sky

6. n: number of layers conforming the wall

7. ex: thickness of layer x [m]

8. λx: thermal conductivity of layer x [W/mK]

9. ρx: density of layer x [kg/m3]

10. cp x: heat capacity of layer x [J/kgK]

For WALLG:

1. hci: convective heat transfer coefficient on internal surface [W/m2K]

2. n: number of layers conforming the wall

3. ex: thickness of layer x [m]

4. λx: thermal conductivity of layer x [W/mK]

5. ρx: density of layer x [kg/m3]

6. cp x: heat capacity of layer x [J/kgK]

7. eg: thickness of the ground [m]

8. λg: thermal conductivity of the ground [W/mK]

9. ρg: density of the ground [kg/m3]

10. cp g: heat capacity of the ground [J/kgK]

11. ev: thickness of the virtual layer [m]

12. λv: thermal conductivity of the virtual layer [W/mK]

13. ρv: density of the virtual layer [kg/m3]

14. cp v: heat capacity of the virtual layer [J/kgK]

OUTPUTS

1. Ti: temperature of internal surface at the end of the time-step [◦C]

2. To: temperature of external surface at the end of the time-step [◦C]

3. q̇convi: convective heat flow from room air node to the internal surface
[W/m2]

4. q̇convo: convective heat flow from adjacent room air node to the external
surface [W/m2]
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B.1.3 WINDOW block

Inputs Parameters
1 Troomi 1 U
2 Ta 2 hci
3 Tsky 3 hco1
4 Ig 4 hco2
5 Id 5 hro
6 gw
7 fb
8 q̇rad lwi
9 ws

Outputs
1 q̇cond
2 q̇b
3 q̇d
4 Ti
5 To
6 q̇convi

INPUTS

1. Troomi: room air node temperature [◦C]

2. Ta: external temperature [◦C]

3. Tsky: sky temperature [◦C]

4. Ig: global solar radiation on the window plane [W/m2]

5. Id: diffuse solar radiation on the window plane [W/m2]

6. gw: solar factor of the window at that time-step [-]

7. fb: darkness factor of blinds and curtains at that time-step (0=trans-
parent, 1=opaque) [-]

8. q̇rad lwi: specific long-wave radiation on internal window pane [W/m2]

9. ws: wind speed perpendicular to surface’s normal [m/s]

PARAMETERS

1. U : heat transfer coefficient [W/m2K]

2. hci: convective heat transfer coefficient on internal surface [W/m2K]

3. hco1: parameter 1 of convective heat transfer coefficient on external
surface [W/m2K]

4. hco2: parameter 2 of convective heat transfer coefficient on external
surface [Ws/m3K]

5. hro: radiative heat transfer coefficient on external surface [W/m2K]

OUTPUTS

1. q̇cond: heat flux through the window [W/m2]
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2. q̇b: beam radiation transmitted through the window [W/m2]

3. q̇d: diffuse radiation transmitted through the window [W/m2]

4. T1: Temperature of internal surface at the end of the time-step [◦C]

5. T2: Temperature of external surface at the end of the time-step [◦C]

6. q̇convi: convective heat flow from room air node to the internal window
pane [W/m2]

B.1.4 RADI block

Inputs Parameters
1... Tx 1 n

2... Ax
3... εx

2n+2 Fij file

Outputs
1... q̇rad lwx

INPUTS

1. Tx: temperature of enclosing surface x [◦C]

PARAMETERS

1. n: number of enclosing surfaces [-]

2. Ax: area of surface x [m2]

3. εx: emission coefficient of surface x [-]

4. Fij file: file with the view factors matrix

OUTPUTS

1. q̇rad lwx: specific long-wave radiation to wall x [W/m2]

B.1.5 IRADIA block

Inputs Parameters
1 q̇b 1 n
2 q̇d 2... Ax

3... SFx

Outputs
1... q̇rad swx

INPUTS
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1. q̇b: sum of transmitted direct solar radiation through all windows [W]

2. q̇d: sum of transmitted diffuse solar radiation through all windows [W]

PARAMETERS

1. n: number of surfaces that conform the room [-]

2. Ax: area of surface x [m2]

3. SFx: fraction of the solar radiation that arrives to surface x [-]

OUTPUTS

1. q̇rad swx: specific short-wave radiation to surface x [W/m2]

B.2 DHN model

Inputs Parameters
1 t 1 N
2 Tg 2 E
3 ∆t 3 Tini
4... CorPx 4 maxiterations
5... Tinx 5 toliterations
6... crlx 6 nodesData

7 edgesData
8 substationsData

Outputs

1 Q̇loss

2 pcritic
3 ∆tintern
4... Toutx
5... v̇x
6... px

INPUTS

1. t: second of the year when the calculation is being done [s]

2. Tg: temperature of the undisturbed surrounding soil [◦C]

3. ∆t: defined time-step of calculation [s]

4. CorPx: Consumer or Producer for node x [-]

5. Tinx: supply temperature at node x [◦C]

6. crlx: control at node x [-]

For each node, a set of three inputs is defined, including CorPx, Tinx and
crlx. CorPx informs about the nature of the node at every calculation call. It
is an input because the substations connected to the nodes can see modified
their status, passing from ‘consumer’ to ‘producer’ depending on external
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conditions. If the substations is a ‘consumer’, the control parameter defines
the opening fraction of the substation’s valve, while when the substation is
a ‘producer’, it controls the pumping flow.

PARAMETERS

1. N : total number of nodes [-]

2. E: total number of edges [-]

3. maxiterations: maximum number of iterations allowed for solving the
non-linear equations system [-]

4. toliterations: tolerance allowed for solving the non-linear equations sys-
tem [-]

5. nodesData: file with the required information about the nodes

6. edgesData: file with the required information about the edges

7. substationsData: file with the required information about the substa-
tions

The nodesData file contains the coordinates of the nodes. The edgesData
file defines which nodes are connected through each pipe, together with hy-
draulic and thermal parameters such as diameter [m], roughness [m], and
heat transfer coefficient [W/mK]. Finally, the substationsData file defines
the parameters of the substations when they perform as a ‘consumer’ (the
flow coefficient of the valve [m3/h], the pressure losses in the heat exchanger
[m/(m3/s)2]) or as a ‘producer’ (parameters to define the pump’s performance
curve and pressure losses in the heat exchanger [m/(m3/s)2]). In appendix
D the format of the three input files of SpHeat can be found.

OUTPUTS

1. Q̇: total heat losses to the surrounding soil [Wh]

2. pcritic: critical pressure difference in the network (minimum pressure of
all models) [Pa]

3. ∆tintern: time-step of calculation internally assigned [s]

4. Toutx: return temperature at node x [◦C]

5. v̇x: flow at node x [m3/s]

6. px: pressure difference at node x [Pa]

The model offers two possibilities to obtain the time-step length (∆tintern),
either it is externally provided by the user through input 3. Or if this input is
negative or zero, then the model calculates internally the minimum ∆t that
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ensures the convergence of the equations system, accounting on the velocity
and the length of all pipes:

∆tintern = min

(
Lpipe
v̇pipe

)
(B.1)

B.3 Solar system model

B.3.1 SCDYN block

Computational model

Inputs Parameters
1 Tin 1 Aa
2 ṁ 2 η0

3 Ib 3 a1

4 Id 4 a2

5 Ta 5 kθ
6 θ 6 Ccoll
7 t 7 cp

8 Ns

9 Np

10 Tm,0
11 Nseg

Outputs
1 T ′out
2 T ′m
3 Q̇u

4 η

INPUTS

1. Tin: temperature at inlet [◦C]

2. ṁtot: total mass flow [kg/s]

3. Ib: beam radiation on collector area [W/m2]

4. Id: diffuse radiation on collector area [W/m2]

5. Ta: ambient temperature [◦C]

6. θ: incidence angle of beam radiation [◦]

7. t: second of the year when the calculation is being done [s]

PARAMETERS

1. A: aperture area per collector [m2]
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2. η0: optical efficiency [-]

3. a1: linear heat loss coefficient [W/m2K]

4. a2: quadratic heat loss coefficient [W/m2K2]

5. kθ incidence angle modifier [-]

6. Ccoll: thermal capacity of the collector [J/m2K]

7. cp: heat capacity of the thermal carrier [J/kgK]

8. Ns: number of collectors in series [-]

9. Np: number of collectors in parallel [-]

10. Tm,0: initial mean temperature of the collector [◦C]

11. Nseg:: number of partition elements per collector [-]

OUTPUTS

1. T ′out: outlet temperature at the end off the time-step [◦C]

2. T ′m: mean temperature at the end off the time-step [◦C]

3. Q̇u: heat absorbed by the thermal carrier [W]

4. η: global collector efficiency [-]

B.3.2 Storage Tank: TANKST block

Computational model

Inputs Parameters
1 Thot 1 V
2 ṁhot 2 N
3 Tcold 3 d
4 ṁcold 4 cp
5 Ta 5 ρ
6 t 6 U

8 T0

Outputs
1 T ′1
2... T ′2
N T ′N

INPUTS

1. Thot: temperature at top of the tank (hot) inlet [◦C]

2. ṁhot: mass flow at top of the tank (hot) inlet [kg/s]

3. Tcold: temperature at bottom of the tank (cold) inlet [◦C]

4. ṁcold: mass flow at bottom of the tank (cold) inlet [kg/s]
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5. Ta: ambient temperature [◦C]

6. t: second of the year when the calculation is being done [s]

PARAMETERS

1. V : tank volume [m3]

2. N : number of nodes [-]

3. d: tank diameter [m]

4. cp: heat capacity of the fluid [J/kgK]

5. ρ: density of the fluid [kg/m3]

6. U : overall heat loss coefficient of the wall [W/m2K]

7. T0: initial tank temperature [◦C]

OUTPUTS

1. T ′n: outlet temperature at node n [◦C]

B.3.3 HXS block

Computational model

Inputs Parameters
1 Thot,in 1 UA
2 ṁhot 2 cp,hot
3 Tcold,in 3 cp,cold
4 ṁcold

Outputs
1 Thot,out
2 Tcold,out
3 ε

3 Q̇

INPUTS

1. Thot,in: temperature at the hot inlet [◦C]

2. ṁhot: mass flow at the hot inlet [kg/s]

3. Tcold,in: temperature at the cold inlet [◦C]

4. ṁcold: mass flow at the cold inlet [kg/s]

PARAMETERS

1. UA: overall heat loss coefficient times the area of exchange [W/K]

2. cp,hot: heat capacity of the hot fluid [J/kgK]

3. cp,cold: heat capacity of the cold fluid [J/kgK]
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OUTPUTS

1. Thot,out: temperature at the hot outlet [◦C]

2. Tcold,out: temperature at the cold outlet [◦C]

3. ε: efficiency [-]

4. Q̇: heat exchanged [W]
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Appendix C

Building model tests

This Appendix present two other datasets used to validate the building
model. The results are also provided and discussed.

C.1 VDI 6020 German Standard

The VDI 6020 German standard [204] defines a path to validate building
energy models following small steps in a way that the thermal parameters
and the boundary conditions for the building model tests are varied within a
clearly defined sequence of tests. It also provides the results of some bench-
mark programs to compare with the proposed model in a similar way as in
the BESTEST is done.

As presented in the standard, the following actions and reactions were tested
in test examples 1 to 7:

1. Calculation of the reaction of the room air temperature to a convective
internal loading.

2. Calculation of the reaction of the room air temperature to a radiant
internal loading.

3. Calculation of the reaction of the heat load on the basis of a radiant
internal loading and specified set value change in room air temperature.

4. Calculation of the reactions of the room air temperature at a specified
internal loading and limited plant output.
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Figure C.1: Geometry of room.

C.1.1 Cases description

The 7 experiments are based on the same room geometry (Figure C.1). The
physical structure and boundary conditions of each experiment are defined
in Tables C.1 to C.9. The internal walls are considered adiabatic. All ex-
periments run during sixty days (1440 hours) and their outputs in terms of
internal temperatures or heat power are compared to the results of other
benchmark programs in section C.1.2.

The test examples are defined as:

- Example 1: Room type S, convective internal load of 1000 W.

- Example 2: Room type S, radiant internal load of 1000 W.

- Example 3: Room type L, convective internal load of 1000 W.

- Example 4: Room type L, radiant internal load of 1000 W.

- Example 5: Room type S, mixed internal and external loads.

- Example 6: Load calculation with compliance of set values.

- Example 7: Calculation of temperature in the same conditions as in
example 6, but with limited plant output.

Examples 1 to 5 have no air conditioning, the temperature is left in free-
floating conditions.

C.1.2 Results and conclusions

The standard provides a collection of graphs with the results of seven tools
for the days 1, 10 and 60 of the examples 1 to 5 plus one day of examples 6
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Construction Thick. (m) λ (W/mK) ρ (kg/m3) cp (J/kgK)

Ceiling and Screed 0.03 1.4 2200 1050
floor Rock wool 0.02 0.047 75 840

Concrete 0.12 2.035 2100 920
Air layer - R=0.13

m2K/W
- -

Rock wool 0.2 0.047 75 840
Metal ceiling 0.001 58.0 1800 480

Internal walls Aerated concrete 0.12 0.4 1200 1050
Internal door Aerated concrete 0.04 0.14 500 2520
External wall Board formwork 0.01 0.14 500 2520

Insulation 0.064 0.047 75 840
Board formwork 0.01 0.14 500 2520

Table C.1: Opaque building components: Layer data of Room type L.

Construction Thick. (m) λ (W/mK) ρ (kg/m3) cp (J/kgK)

Ceiling and PVC covering 0.002 0.21 1300 1470
floor Screed 0.045 1.4 2200 1050

Rock wool 0.012 0.06 50 840
Concrete 0.15 2.035 2400 1050

Internal walls Cavity blocks 0.24 0.56 1300 1050
Internal door Beech, solid 0.04 0.21 700 2520
External wall Concrete 0.24 2.035 2100 920

Insulation 0.062 0.047 75 840
Façade slab 0.025 0.45 1300 1050

Table C.2: Opaque building components: Layer data of Room type S.

Internal
(W/m2K)

External
(W/m2K)

External wall 2.7 20
Internal wall 2.7 2.7
Floor 1.67 1.67
Ceiling 1.67 1.67

Table C.3: Opaque building components: convective heat transfer coeffi-
cients.

Convective heat transfer coeff. Glazing type Window data
Internal
(W/m2K)

External
(W/m2K)

% k-value
(W/m2K)

g-value
(%)

Frame
proportion
(%)

Light transmis-
sion (%)

2.7 20 6/12/6 2.1 75 0 81.7
(clear glass/air/clear glass)

Table C.4: Transparent building components.
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Time (h) Temperature
(◦C)

Total radiation
(W/m2)

Diffuse radiation
(W/m2)

1 17.3 0 0
2 16.9 0 0
3 16.1 0 0
4 16.1 0 0
5 16.8 17 17
6 18.7 38 38
7 21.8 59 59
8 23.8 98 80
9 25.8 186 99
10 27.5 287 115
11 28.6 359 125
12 29.4 385 129
13 30.0 359 125
14 30.7 287 115
15 31.0 186 99
16 31.0 98 80
17 30.5 59 59
18 29.6 38 38
19 28.1 17 17
20 25.9 0 0
21 23.5 0 0
22 22.3 0 0
23 21.4 0 0
24 20.3 0 0

Table C.5: Outside temperature and radiation data behind double glazing
for example 5.

Unit Example 1 Example 2 Example 3 Example 4 Example 5 Example 6 Example 7

Outside temperature ◦C 22 22 22 22 22 22 22
Short-wave horizon-
tal solar radiation

W/m2 none none none none
Table C.5

none none

Long-wave ambient
radiation

W/m2K none none none none none none

Room type S S L L S S S

Table C.6: Boundary conditions.

Unit Example 1 Example 2 Example 3 Example 4 Example 5 Example 6 Example 7

Radiation for sun
shading = close

W/m2

- - - -
100

- -

b-value - 0.15

Table C.7: Sun shading.

Unit Example 1 Example 2 Example 3 Example 4 Example 5 Example 6 Example 7

Machines, convective W 1000 - 1000 - 200 - -
Machines, radiant W - 1000 - 1000 - 1000 1000
Machine operating
time

6-18 h 6-18 h 6-18 h 6-18 h 8-17 h 0-24 h 0-24 h

People, convective W - - - - 800 - -
People, radiant W - - - - 800 - -
Occupation time - - - - 8-17 h - -

Table C.8: Internal heat sources.
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Unit Example 6 Example 7

Plant operating time 0-24 h 0-24 h
Plant output W unlimited 500
Set point during office hours ◦C 27 27
Set point outside office
hours

◦C 22 22

Office hours 6-18 h 6-18 h

Table C.9: Climatisation (purely convective air heating).

and 7 in order to compare them with those of the new model. Figures C.2 to
C.8 show in yellow the results of the new model compared to those provided
by the standard (in other colours).

The figures show a very good match between the model and the benchmark
tool’s results, kept always between the maximum and minimum values of all
other results. Only experiment 5 starts slightly over the benchmark values
at the central hours of the day. This deviation is not very significant, being
in the same range as the differences between the results of the benchmark
programs, and the temperature goes back to the mean values in days 10 and
60.
Therefore it has been considered that the results are admissible and that the
building model has satisfactorily passed the example tests.
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(a) Day 1

(b) Day 10

(c) Day 60

Figure C.2: Example 1. Room type S, convective internal load of 1000 W
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(a) Day 1

(b) Day 10

(c) Day 60

Figure C.3: Example 2. Room type S, radiant internal load of 1000 W
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(a) Day 1

(b) Day 10

(c) Day 60

Figure C.4: Example 3. Room type L, convective internal load of 1000 W



C.1. VDI 6020 GERMAN STANDARD 215

(a) Day 1

(b) Day 10

(c) Day 60

Figure C.5: Example 4. Room type L, radiant internal load of 1000 W
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(a) Day 1

(b) Day 10

(c) Day 60

Figure C.6: Example 5. Room type S, mixed internal and external loads
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Figure C.7: Example 6. Load calculation with compliance of set values. Day
10.

Figure C.8: Example 7. Same conditions as in example 6, but with limited
plant output. Day 10
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C.2 Twin Houses Experiments

Two empirical validation experiments were undertaken, based on experiments
conducted on the Twin Houses at Fraunhofer IBP, Holzkirchen and involving
over 20 modelling teams, including the author of this thesis. The dynamic
building model was one of the models tested with the first experiment. A
detailed definition of the experiments and all data required can be found in
the Report of Subtask 4a of the IEA, EBC Annex 58 [21].

The first experiment was undertaken in summer 2013. It was divided into
five different periods:
Period 1: Initialization phase (7 days) in which both buildings were heated
to a constant temperature of 30◦C to obtain identical and well-defined start
conditions.
Period 2: Room air temperatures were kept constant at 30◦C for 7 days with
a required heating power controlled by the building management system.
Period 3: A Randomly Ordered Logarithmic Binary Sequence (ROLBS) for
heat inputs into the living room was implemented, with heat injections of
0 and 500 W. This test sequence lasted for 2 weeks. All other rooms were
without heating power in this period to increase the interaction between the
rooms.
Period 4: A constant temperature period of 7 days was kept to re-initialize
the two houses to the same state. The controlled temperature level was set
at 25◦C.
Period 5: In this 7-days period, there were no artificial heat injections.

Figure C.9 shows the planned schedule schematically.

The Twin Houses have seven rooms. The three facing north (Küche –room
2–, Flur –room 1– and Schlafen –room 6–) are completely isolated from the
others by sealing the doors. The southern rooms (Wohnen –room 3–, Flur
–room 7–, Bad WC –room 5– and Schlafen –room 4–) are fully connected.
There are no doors between them and a mechanical ventilation system was
installed with a supply point in the north-west corner of room 3 (red dot)
and two extract points in the north-east and south-east corners of room 5 of
room 4 respectively (blue dots). As the building model does not consider air
exchange between thermal zones and the ventilation rate demonstrated to
be very high, the last four rooms were grouped together in a single thermal
zone. Therefore, a four thermal zones building model was defined.
Figure C.10(a) shows the cross section of the Twin Houses and the simplifica-
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Figure C.9: Schematic of test schedule. Source [21]

tion carried out in the model. In Figure C.10(b) a front view from south-west
can be observed.

To compare the results of the jointed southern room, the mean temperature
of rooms 3, 4, 5 and 7 has been used.

[21] also describes how the temperature sensors placed in room 3 at three
different heights show an stratification of the temperatures inside the rooms
from floor (67 cm height) to ceiling (187 cm height) of about 1.5◦C at steady-
state and around 2.5◦C during some minutes after turning on the heating
system. Therefore, an uncertainty band of 1◦C at steady-state has been

(a) Cross section of Twin house. (b) 3D view of Twin house.
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Figure C.10: Temperatures at different heights in the leaving room.

considered a good estimation of the mean temperatures, while the band just
after the ignition of the heater increases to 2◦C (see Figure C.10).

The temperature and temperature errors measured in ◦C can be seen in
Figures C.11, C.12, C.13 and C.14, presenting a good agreement most of the
time. A special moment must be commented, when around hour 580 the
heaters turn on after a free-floating period, where the errors become much
higher than expected.

Nevertheless, when comparing the results with the other simulation model
results provided in the cited report [21], the model presented in this paper
(Sim 24 in the report) seems to be amongst the best in temperature mag-
nitude and total heat, while the temperature shape suggests deeper studies
(see Figure C.15).
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Figure C.11: Temperature blinds down.

Figure C.12: Temperature errors blinds down.
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Figure C.13: Temperature blinds up.

Figure C.14: Temperature errors blinds up.
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Figure C.15: Rank order of simulation predictions against measured data for
various metrics. Source [21]
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Appendix D

Format files for SpHeat
parameters

The SpHeat model needs three different sets of parameters that define the
network and its connections:

1. nodes.txt

2. edges.txt

3. stations.txt

D.1 nodes.txt

It defines the geometrical position of the nodes that conform the model. The
reference node can be placed anywhere and each other node must be defined
by the 3 coordinates measured in meters. The order of the nodes is also
irrelevant.

For example, the distribution of nodes in graph D.1 should be saved as a
.txt file to be loaded from the SpHeat block following the format showed in
Figure D.2.

225
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Figure D.1: Nodes distribution.

Figure D.2: Example of nodes.txt.
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Figure D.3: Example of edges.txt.

D.2 edges.txt

The file edges.txt defines the pipes as connexion between two of the nodes de-
fined in nodes.txt and with some physical parameters as presented in Figure
D.3.

The first three columns of the file must be: the number of the pipe and the
numbers of the two nodes that the pipe connects. Then, in this order, the
internal diameter [m], the internal roughness [m], the coefficient of pressure
losses [m/(m2s)2] of any component that may be found along the pipe (e.g.
valves), and finally the linear heat losses [W/mK].

D.3 stations.txt

The file stations.txt provides the block with the required parameters of the
substations. The file is divided in three parts, the number of the station
and the node where it is connected (the first two columns), the parameters
needed if the substations operates as a ‘consumer’ (next 5 columns) and those
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required if it operates as a ‘producer’ (the rest). An example is presented in
Figure D.4.

The parameters related to the ‘consumer’ are, in this order, the coefficient of
pressure losses [m/(m2/s)2] of the valve, the internal diameter [m], internal
roughness [m] and length [m] of the service pipe and the coefficient of pressure
losses [m/(m2/s)2] of the heat exchanger.

Those related to the ‘producer’ are, instead, the six parameters (a set of
three points that relate head losses [m] with volume flow [m3/s]) that define
the pump curve and finally, the coefficient of pressure losses [m/(m2/s)2] of
the heat exchanger.
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Figure D.4: Example of stations.txt.
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Abstract 

 

This paper presents a new dynamic physical energy model of building for simulating the energy demand of cities. 
Firstly, a justification it is given regarding the necessity of a new building model and the advantages of using 
modular building simulation when dealing with large numbers of buildings in an urban context. The main 
motivation was a flexible and very modular interaction of 3D urban geometry description with the CityGML data 
format and energy related attributes for building parts. 
The paper then presents the modular dynamic building model and its validation with a real case of study for single 
buildings. 
The model integration into an urban modeling platform named SimStadt is explained with the necessary input data 
for a city heat demand calculation. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction 
 

The energy consumption in the building sector for heating and cooling worldwide amounts to more than one third 
of the total [1], where the building stock certainly plays the most important role. 

Many people are therefore working on how to improve building energy systems’ efficiency and how to reduce the 
use of conventional energy resources and CO2 emissions. One trend is increase network based energy distribution 
systems instead of individual supply for each building. 
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Understanding urban energy consumption is vital to address energy issues and climate change. The simulation of 
urban energy consumption linked with the energy supply systems is an appropriate way of improving this 
understanding. The calculus of each individual building´s demand inside the urban zone can strongly support this 
analysis. 

Many different models have been developed and implemented in software tools to estimate the energy consumption 
in buildings using either statistical or physical methods [2]. The nodal method, a physical method used to determinate 
the total energy consumption or the average indoor temperature and the cooling or heating load, has some interesting 
advantages as it is capable to calculate multiple zone buildings in a reasonable computation time with an easy 
implementation; the big drawback is that it is really difficult to study large volume systems [3]. In fact, a common 
problem found for most of the software is the limited data availability and how tedious is to set the parameters in the 
model, which in most cases means the highest time consumption [4,5,6]. This gets even worse when trying to calculate 
the urban energy demand that comprises several hundreds of buildings. Therefore, a new method to easy calculate 
urban energy demand is required. 

In this paper, a modular physical building model is presented. The modularity of the physical model makes it  very 
easy to connect it with urban geometry data models in the CityGML standard [7]. The urban simulation platform 
SimStadt developed by the authors [8] now allows the automation of the definition and parameter setting of the 
building model. Thus, a significant amount of time and effort is saved. Moreover, automation reduces errors and 
mismatches in the whole process. The definition of a large amount of buildings is then much easier to do. 

 
2. The modular physical building model 

 
2.1. Methodology 

 
The building physical model has been developed in INSEL8 [9] using different blocks to define the thermal 

behavior of the building components in the most modular way. The main features of the building simulation blocks 
are the following: 

 
 Room air block: calculates a one node air temperature in the room or the cooling and heating demand, taking into 

account all internal gains, the air exchange rate and the convective exchange with the surfaces using the energy 
balance and an explicit numerical solution. 

 Internal and external walls: the Finite-Difference Approximation Method [10] is used to calculate the temperature 
profiles throughout the walls as well as the surface temperature of both sides of the wall on each time step as 
function of the energy fluxes from convection and short and longwave radiation. 
The temperature within the material is calculated in the boundary nodes separating layers with the stability 
criterium adjusting the time step for given layer thicknesses. Finally, the convective heat exchange with the room 
air temperature node is calculated following the Newton’s law of cooling. 

 Windows: are treated as the walls for the calculus of the heat transfer, and includes the calculus of the short wave 
radiation that passes through it using the angle dependent total energy transmission ‘g-factor. 

 Internal long wave radiant heat exchange between walls: calculates the radiant heat exchange between the 
surfaces depending on their temperature and the form factors. The form factors are numerically calculated in the 
block dividing the surfaces in small pieces. 

 Internal distribution of solar radiation through the windows: assigns a fraction of the radiation that enters the 
room to each surface. 

 The effect of the urban shape on the radiation that reaches the building is not calculated in the building physical 
model but obtained from the 3D city model geometry pre-processing. Shading time series and other climatic data 
(temperature, wind speed or wind direction) are as well inputs to the building physical model. 

 The internal gains are also considered as inputs for the physical model, provided by the Building Physics and 
Usage Preprocessor. 
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By dividing the building physical model in this separate elements (blocks), the connection with the cityGML data 
model can be done quasi-directly. Thus, the assignment of the parameters and inputs of each block can be done 
automatically. 

 

Fig. 1. Example of parameters in a one-zone building model 

 
The next table shows the correspondence of the elements of both, the data model and the physical model. 

 
Table 1. Correspondence from objects of the Data model to elements of the Physical model 

 
 

Physical model Data model 
 

 

Room air ThermalZone + UsageZone 

Internal long wave radiant heat exchange between walls  ThermalZone 
 

Internal distribution of solar radiation through the windows ThermalZone 
 

 

Wall ThermalBoundarySurface 
 

 

Window ThermalBoundarySurface 
 

 

 

2.2. Validation of the physical model 
 

To ensure the good results provided by the physical model, a comprehensive full-scale building experiment carried 
out within the scope of IEA Annex 58 subtask 4, at the Fraunhofer test site (Holzkirchen, Germany) was used to test 
it. This experiment was undertaken on two buildings with identical constructions, the so called Twin Houses N2 and 
O5 in Holzkirchen, Germany. 

The experiment, conducted in August and September 2013 was a side by side experiment, with external roller 
blinds down on the south facing windows of one building (N2) and fully up on the other (O5). A high mechanical 
ventilation rate was used. For the heating system, just electric convector heaters were used. 

The twin houses have seven rooms. The three facing North [Küche (room 2), Flur (room 1) and Schlafen (room 6)] 
are completely isolated from the others by sealing the doors. The Southern rooms [Wohnen (room 3), Flur (room 7), 
Bad WC (room 5) and Schlafen (room 4)] are fully connected. There are no doors between them and a mechanical 
ventilation was installed with a supply point in the north-west corner of room 3 and two extract points in the south- 
east corners of the rooms 4 and 5 respectively. Therefore, a four room building model was defined. 
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Figure 1 shows the cross section of Twin houses and the simplification carried out in the model: 
 

 

Fig. 2. Cross section of Twin house 

 
The temperature of each room inside each house has been calculated with the building model. They have been 

compared with the measurements over the complete period using the same weather data and internal gains profiles 
provided by the authors of the experiment. 

The temperature errors measured in °C for the forty days of the experiment can be seen in the following figures for 
both cases. To compare the results of room 3 of the model, the mean temperature of rooms 3, 4, 5 and 7 have been 
used. 

 

 

Fig. 3. Temperature errors blinds down (°C) 
 

 

Fig. 4. Temperature errors blinds up (°C) 

 
3. Integration in the urban simulation platform SimStadt 

 
Once the model has been tested, it is ready to be integrated into the new urban energy simulation platform SimStadt 

in order to automatize the calculus of the thermal energy demand. This automation allows massive calculus of 
buildings. 
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SimStadt is being developed in the framework of a project funded by the German minister BMWi. The open format 
CityGML is the basis of design of SimStadt, which integrates the concept of Level of Details (LoD) of CityGML [11] 
and give the users the possibility to enhance the analysed virtual 3D city model, based on local building libraries and 
pre-processing functions. For the purpose of urban energy simulation, CityGML has been extended with an Energy 
Application Domain Extension (Energy ADE), developed within an international consortium of urban energy 
simulation and modelling experts. 

 

Fig. 5. Four levels of detail of CityGML (Groeger et al., 2012, page 72, Source: Karlsruhe 
Institute of Technology (KIT)) 

 
Another main design characteristic of SimStadt is its modular workflow-driven structure. Each workflow is built 

as a suite of unitary modules called workflow step, whose hypotheses, parameters and intermediary results are made 
explicit in the Graphical User Interface (GUI). Thus, the dynamic building model has been integrated inside a 
workflow as a workflow step: 

 

 

Fig. 6. Workflow schema 

 
The dynamic energy calculation workflow starts with the pre-processing of the input data. This pre-processing is 

done for every single building available in the 3D city model: 
 the Geometric Preprocessor, extracts the relevant geometrical information from the CityGML files, such as the 

volume and type of each zone, area and orientation of the boundary surfaces etc., 
 the Building Physics and Usage Preprocessor, enhances the model with physical parameters and with occupant- 

related parameters as occupancy schedule, set-point temperatures, air change rate etc., stored in a Building 
Typology Library, 

 finally the Weather Preprocessor, supplies the model with weather-related values for every hour of the year, as 
ambient temperature, irradiation hitting each external wall (taking into account shadows), wind speed… 
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The second step in the workflow is the generation of a dynamic physical model for every single building. 
Depending on the quality of the data available, the physical model produced is also LoD2, LoD3 or LoD4. This 
physical model cannot be used if the LoD of the data model is lower than 2. 

Then, the models are sent to INSEL, one by one, to do the calculus. Currently, the results provided by the calculus 
are internal temperature and thermal demand in every zone. 

Finally, these results are displayed in different ways to facilitate their analysis. 
 

4. Conclusions 
 

A new highly modular and extremely flexible dynamic building simulation model has been developed and validated 
with experimental results. The main goal of the model development was to enable direct parameter transfer between 
3D CityGML urban geometry data models and energy related parameters required for building simulation. This direct 
transfer has been successfully achieved allowing the automation of the definition of physical building models. 

The physical building model adjusts to the data available in each case and automatizes the parameters setting, 
reducing strongly the time consumption. 

The validation reported really good results, being in both cases of the IEA 58 experiment, the errors in the calculus 
of the internal temperature lower than 1.5°C almost always. 
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Abstract 

Many papers have been written over the last years addressing the potential of decentralized solar thermal systems in District Heating 

Networks (DHN), assuming that the network can be used as a virtual storage so that prosumers can release excess solar energy into 

the network and use it later when it is needed. 

When looking at the district heating systems in detail, many questions still remain unanswered. Is it possible to feed in all the 

surplus solar energy into the net? How does the solar input affect the network and the other prosumers? Is it sensible from the 

energy balance perspective? We have studied an existing DHN in an attempt to answer these questions. 

A simulation model of the DHN in the Southern German city quarter Ludwigsburg-Sonnenberg was developed and extended to 

include decentralized feed-in of heat from solar thermal collectors to evaluate their potential contribution to network demands. It 

could be shown that prosumers supply during summer period significantly more heat than they demand, so that the thermal network 

could operate as an autonomous micro-grid. 

By comparing the amount of electrical pumping energy that is needed to feed heat to the DHN with usable solar thermal energy, 

the benefit ratio of feeding heat into the DHN can be quantified. 

© 2017 The Authors. Published by Elsevier Ltd. 

Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and 

Cooling. 

Keywords: District heating; distributed solar generation; solar thermal; prosumer; excess heat 

 

 
* Corresponding author. Tel.: +49-017682673226. 

E-mail address: pilar.monsalvete@hft-stuttgart.de 



2 Pilar Monsalvete Álvarez de Uribarri / Energy Procedia 00 (2017) 000–000 

1. Introduction 

The present paper forms part of a larger research project investigating the intelligent management of an existing 

heating network. 

The main objective of this project is the simulation of the integration of distributed renewable heat sources in the 

existing district heating network of Ludwigsburg-Sonnenberg and its extensions. 

Among other possibilities contemplated within the project, this paper studies the integration of distributed solar 

heat generation and local storage in the new branch of the DHN, which will be built to feed a planned extension of 

the district (shaded area in Fig. 1). 

The new buildings to be constructed will become prosumers as they will be able to “consume” energy from the net 

as well as “produce” renewable energy for self-consumption or feeding into the net thanks to a solar thermal system. 

The term “prosumer” is already used in the power sector [1],[12], and in recent years, starts to be also used in the 

thermal energy sector [2],[3],[9],[10],[11],[16], although we do acknowledge that this terminology is incompatible 

with the first law of thermodynamics. 

2. Background 

Some papers have been written over the last years addressing the potential of decentralized energy systems in DHN 

as well as some of the possible technical problems that this connection could provoke. 

Excess energy has first been discussed for the industrial sector in terms of the thermal energy contribution to DHN 

[13],[17]. 

More recently the concept has been extended to the residential sector. 

An interesting overview of the state of the art includes distributed solar energy in DHN in combination with 

seasonal storage or using heat pumps [9]. The influence of excess heat production with seasonal storage has also been 

analysed [14]. 

Others investigate the benefits of local thermal storage for direct utilisation of heat from solar collectors in a 

dwelling connected to a DHN, but with no injection into the net [7]; or connected and using the net as a virtual storage 

system [2]. 

The impacts of feed-in to the net have also been studied, in particular how the temperatures, pressure or flow rates 

and velocities can be affected by the introduction of small scale prosumers into the DHN [9]. 

But these past studies tend to treat the network as an ideal storage facility without constrains on capacity or 

dynamics, so that prosumers can release excess solar energy into the network and use it later when it is needed 

[2],[3],[7],[14]. This idealisation may lead to optimistic results especially for the warm seasons. 

Fig. 1.  Urban structure planning Grünbühl/ Sonnenberg with a city 

extension to the South West (Source: City of Ludwigsburg) 
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Thus, this study takes into account the possible thermal saturation of the net by simulating it together with the 

prosumers. 

The simulation software INSEL8.2 [8] has been used to dynamically model the net thermodynamics [4], as well as 

the thermal (but not hydraulic) behaviour of the prosumers. The weather and the heat demand of the prosumers are 

considered as inputs to the model. 

3. Case study and model description 

Geographical area and heat demand 

Ludwigsburg is a city located in Baden-Wurttemberg in the South-west of Germany. Annually, this temperate 

region receives around 1.2 MWh/m2 solar irradiation (Fig. 2). 

The city quarter Ludwigsburg-Sonnenberg, where the new residential area extension will be built, is mainly 

composed of dwellings that are connected to a 1.1 km long DHN that operates between 40°C and 70°C, supplied by 

a cogeneration engine (235 kW thermal) and a heat pump (200 kW thermal) with vertical geothermal heat exchangers. 

An existing heating network branch in Sonnenberg, close to the new area has been selected to be modelled so that 

the obtained solar thermal potential can be extrapolated to the new area. 

The selected branch has two different kinds of dwellings, five single-family and two multi-family houses (SFH and 

MFH respectively). Most are constructed according to the current energy saving standards, here denominated class 

100 of the German financing institution KfW, but SFH1 is a passive house and SFH4 is class 55. This means that 

these buildings have a lower heating demand, around 20% and 55% of the upper permissible limit. 

The dwellings have been numbered in the same order as they are connected to the DHN, first the five SFH and last 

the two MFH. Upstream of the SFH1 can be found the central heat source SFH1 can be found, which can deliver heat 

to the other nodes. 

The space heating demands of the dwellings has been simulated using EnergyPlus [6] and the DHW demand with 

DHWcalc [15] using local Test Reference Year [5] weather data. Both demands together have been compared with 

the annual consumption during two different years measured and provided by the energy supply company of 

Ludwigsburg, from which a good match has been confirmed (Fig. 3). 

The only exception is SFH1. Taking into account that in passive houses the inhabitants’ behaviour plays a much 

bigger role, the mismatching may be induced by this fact. Nevertheless, this paper does not go deep into the demand 

simulation, so the obtained results have been considered good enough for the study especially when considering that 

in absolute terms the demand of SFH1 is only about 3% of the total demand. 

Fig. 2. Monthly meteorological data extracted from the TRY of 

Ludwigsburg 
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These demands, together with the weather file are the main inputs of the model. 

Fig. 4 shows the daily resolved annual demand for both DHW of 22 kWh/m2 annual and space heating of a multi-

family house (MFH). 

During the winter, the space heating demand dominates, while in summer there is only DHW demand. 

The solar systems 

In these buildings a solar thermal system was simulated with two different configurations, one for SFH and another 

for MFH (Fig. 5 (a) and (b) respectively). 

Fig. 3. Simulated vs. observed heating demand for two different years 

Fig. 4. Simulated heat demand of MFH2 

b a 

Fig. 5. (a) Solar thermal system for SFH; (b) Solar thermal system for MFH. 



 Pilar Monsalvete Álvarez de Uribarri / Energy Procedia 00 (2017) 000–000   5 

The main difference between them lies in the presence of a second storage tank with an intermediate heat exchanger 

in the case of MFH. 

The same components of the system were selected for all dwellings. Table 1 and Table 2 show the simulation 

parameters of the collectors and tanks. 

Table 1. Solar thermal collector data. 

Latitude (UTM) Degree 48.77 

Inclination of solar collector Degree 30 

a0 at normal incidence - 0.644 

Linear heat loss coefficient W/(m2K) 2.247 

Quadratic heat loss coefficient W/(m2K2) 0.015 

IAM - 0.9 

 

Table 2. Storage tank data. 

Fluid - water 

Overall eat loss coefficient W/(m2K) 0.5 

Ambient temp. around tank °C 8 

 

The primary storage tank volumes depend on the case, but the secondary tank ones are always 0.5 m3. 

The heat exchangers used in the solar systems as well as those connecting to the network are counterflow, with an 

overall heat transfer coefficient of 3 kW/K.  

Those connected to the network have a pressure loss of 200kPa on the primary side. 

Finally, a control system for pumps and valves with the following strategy has been included: 

 Whenever the radiation is high enough, the solar collector pumps start working to feed the tank. 

 If the tank is full (of energy), its energy is supplied to the net. 

 If the tank is empty and the solar input is insufficient, the deficit is supplied from the net. 

 The pumps or valves on the demand side work whenever there is a corresponding demand. 

The scenarios 

Our modelling scenarios are based on the characteristics presented in Table 3. Apart from the reduction factor (Rf), 

which indicates the energy standard as a percentage of the legal requirements (KfW value or the passive house 

standard), two other criteria have been defined: the reference heated area ratio (RAR) and the maximum solar area. 

Table 3. Dwelling characteristics. 

 Heated area Rf  Roof area  RAR Max solar area 

 (m2) (%) (m2) (-) (m2) 

SFH1 115.2 100 72 1 30 

SFH2 130.4 100 85 1 30 

SFH3 147.6 100 76.9 1 30 

SFH4 127.7 20 79.8 1 30 

SFH5 205.7 55 115.1 1.4 42 

MFH1 2077.6 100 506.2 2 250 

MFH2 1070.1 100 288 1 125 
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System dimension are similar for all dwellings of the same type, but take into account the reference heated area 

ratio as well as the construction type. So, the solar area for each dwelling i is calculated as in (1): 

RAR
R

AA
fref

coll

i

coll 
100    (1) 

Moreover, we assume that no more than half of the roof area is available for installation of solar collectors. 

In all cases we considered a solar volume flow rate of 54 l/(hm2), and the following control constraints: 

 Maximum solar collector temperature: 100 °C 

 Maximum tank temperature: 97 °C 

 Temperature to feed the net: 83 °C 

 Minimum irradiance for starting solar pumps: 150 W/m2 

 

Different scenarios have been proposed to study the impact of the solar systems as shown in Table 4. 

Case 1 is considered the base case, to which several modifications have been tested. 

The effect of increasing the solar collector area is shown comparing cases 1, 2 and 7. Comparing cases 3 and 4 

with case 1, the effect of modifying the storage tank volume is studied. 

Cases 5 and 6 show the importance of modelling the district heating net together with the prosumers, so the effect 

of the saturation of the network can be taken into account. Case 5, is normally connected to the network and case 6 is 

connected to a network with infinite virtual storage. 

The saturation of the network is one of the main issues found in the literature, where in most cases the network 

behaves as an infinite virtual thermal storage system. This idealisation normally leads to optimistic results. 

Table 4. Scenarios 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Results 

The first interesting output from the study is that, even though the solar energy collected increases with the solar 

area and also with the tank volume this does not necessary lead to bigger savings. 

Fig. 6 compares cases 1, 2 and 7, increasing the collector area but conserving the volume ratio. 

Simulation case Dwelling type Reference solar area (m2) Tank volume (m3/m2) 

Case 1 SFH 10 0.05 

MFH 100 0.05 

Case 2 SFH 30 0.05 

MFH 125 0.05 

Case 3 SFH 10 0.2 

MFH 100 0.2 

Case 4 SFH 10 0.05 

MFH 100 0.02 

Case 5 SFH Max solar area in all buildings 0.05 

MFH Max solar area in all buildings 0.02 

Case 6 SFH Max solar area in all buildings 0.05 

MFH Max solar area in all buildings 0.02 

Case 7 SFH Max solar area in all buildings 0.05 

MFH Max solar area in all buildings 0.05 
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Fig. 6. Effect of increasing collector area. 

It can be seen how the collected solar energy increases with the collector area, but from case 2 to 7 there isn’t 

substantial reduction in the imported energy. This is due to asynchronicity in periods with higher demand and higher 

solar energy conversion. (Fig. 7). 

 

 

Fig. 7. Monthly mismatch. 

A similar situation occurs when increasing the tank volume. Up to a certain point increasing the volume leads to 

an increase in the solar energy collected and a reduction of the imported energy. But if the volume is too big, the extra 

solar energy collected is mainly used to reach the operation temperatures. Also a higher volume means higher tank 

losses (Fig. 8). 

 

Fig. 8. Effect of modifying tank volume. 
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Furthermore, a bigger tank implies bigger losses and, therefore, more imported energy during winter time (Fig. 9). 

 

 

Fig. 9. Monthly disaggregation. 

Fig. 10 shows the difference between imported and exported energy to the network, called here “net imported”. 

As expected, this net imported energy is negative during the summer season, the magnitude depending upon the 

solar system capacity (the figure shows the results for the smaller and bigger systems considered in this study). The 

negative values mean that during those months the dwellings export more energy that they import from the net. This 

energy, as there is no storage considered in the network branch, is transformed into net losses or exported out of the 

branch to the main network. Nevertheless, this suggests that isolation of the branch is feasible.  

 

 

Fig. 10. Net energy imported from network during warm period. 

Looking more closely, it can be observed that a storage facility in the branch is needed to actually carry out this 

disconnection. That is true especially at the extremes of the period (Case 4 in Fig. 11.a) and not that pronounced for 

intermediate months (Fig. 11.b). An increase of the total storage volume of the prosumers is another option but can 

increase demand for imported energy during winter as discussed before. Furthermore, seasonal storage in the branch 

could extend the period of disconnection. 
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Fig. 12 show the behaviour of the system with or without the idealisation of the network. 

Fig. 12.a shows how including the thermodynamics of the net in the simulation (Case 5) results in a decrease of 

heat exported compared to the ideal case (Case 6). This leads to a reduction of the total solar energy that the system 

is able to collect, which is more prominent during the summer season (Fig. 12.b and Fig. 12.c). 

a b 

Fig. 11. Hourly net exported energy in a week in (a) September; (b) July. 

a b 

c d 

Fig. 12. Ideal -case 6- vs. non-ideal cases: (a) energy balances; (b) solar energy collected; (c) heat exported; (d) impact of saturation in downstream 

neighbours 
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Finally, Fig. 12.d how saturation of the net impacts on downstream neighbours. The more remote the dwelling 

from the starting point of the branch, the difference between the ideal exported energy of case 6 and the exported in 

case 5 grows. A bigger difference means the more difficult it is to export the energy into the net. This is due to the 

rise of the temperature of the return line. Every subsequent dwelling experiences a reduced temperature drop; reducing 

the capacity to export heat. 

 Table 5 and Table 6 summaries the main results from this study. The annual demand for all the cases is 311.1 

MWh. 

 Table 5. Results summary 1. 

 

The energy consumed by the pumps has been calculated assuming that the pumps operate with a constant efficiency 

always, as the dynamics of the prosumer are not simulated. A correlation of the power of the pumps as a function of 

the mass flow has been extracted from a water pumps catalogue. 

 
i

iip hPE

   (2) 

Where hi are the hours of operation of each pump and Pi its power calculated with the correlation as in (3). 

)/(104.35897.7)( skgmWP ii


   (3) 

The first column in Table 6 presents the energy savings that are calculated as the total demand minus the imported 

energy (it is assumed that the reference case is a consumer dwelling which has no internal system and takes all the 

needed energy from the net). Between 20 and 25% of the total demand can be saved by the solar thermal systems. As 

discussed before, the larger energy savings result from the larger solar area but with an adequate storage volume ratio. 

For example, case 3 has smaller savings because the volume ratio is too big. 

The second column compares the specific solar energy collected. The values are in in general rather low, but they 

could be increased if the network had a storage facility to store the exported energy (compare cases 5 and 6). 

Finally, two ratios are calculated and presented in the table. The first one is the specific energy used by pumps 

which gives an idea of how much electrical energy is needed for every kWh saved. The ratios are very low, which is 

very positive from an energy saving perspective.  

The second ratio is the specific energy used only for the pump used to export the heat into the net. This ratio can 

be useful for the energy supply company of Ludwigsburg, which operates the network and has to calculate the costs 

for selling or buying energy from the prosumers. 

Case Collector 

area (m2) 

Tank 

volume 

(m3) 

Solar collected 

(MWh/a) 

Heat 

imported 

(MWh/a) 

Heat 

exported 

(MWh/a) 

Net imported 

(MWh/a) 

Pump for 

exporting heat 

(MWh/a) 

All pumps 

consump. 

(MWh/a) 

1 341.5 18.1 92.6 244.5 5.6 238.9 0.183 2.9 

2 499.5 26.0 121.7 233.9 14.0 219.9 0.292 3.7 

3 341.5 69.3 121.7 262.5 1.0 261.5 0.017 2.8 

4 341.5 9.1 67.7 250.0 5.5 244.5 0.131 2.8 

5 537.0 16.6 114.5 233.1 18.7 214.4 0.292 3.7 

6 (ideal) 537.0 16.6 137.9 233.1 43.3 189.8 0.077 3.6 

7 537.0 27.9 129.7 232.6 7.9 224.7 0.321 3.8 
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Table 6. Results summary 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cases 2 and 5 are the most promising of those studied, in terms of both savings and exported heat. The choice 

between these two may however lie in other considerations, such as available room for storage tanks or the difference 

in price between solar collectors and storage tanks (Case 5 involves a larger collector area and case 2 a larger storage 

volume); factors that are not taken into direct account in this study. 

5. Conclusion 

An existing heating network branch in Sonnenberg has been modelled and used in this paper to evaluate the 

questions exposed in the abstract. 

The potential contribution of the solar systems is between 20% and 25% of the total demand, with specific auxiliary 

energy requirements lower than 7%. During the summer season, this contribution is high enough to enable the branch 

to be isolated for about three months (depending on the size of the solar thermal system). The period can be increased 

if a seasonal storage facility is added to the branch. 

Furthermore, the study indicates that bigger solar systems do not necessarily imply higher savings, mostly because 

of the asynchronicity in periods with higher demand and higher solar energy conversion. Again, seasonal storage in 

the net could help to increase the total savings for bigger systems. 

Finally, the thermodynamics of the network must to be taken into account. When the network is not idealised, the 

influence of the first prosumers to the others is considered, as well as the total thermal capacity of the net, resulting in 

lower but more realistic values of exported energy. 

Acknowledgements 

The authors gratefully acknowledge the European Commission for providing financial support during conduct of 

research under FP7-PEOPLE-2013 Marie Curie Initial Training Network “CI-NERGY” project with Grant Agreement 

Number 606851.  

The authors would also like to thank the leaders of the project “Simulationsbasierte Optimierung energieeffizienter 

Wärmenetze mit Umsetzung in EnEff:Stadt Ludwigsburg”, included in the EnEff:Stadt research initiatives promoted 

by the Federal Ministry of Economics and Energy in Germany for providing data for this study. 

And finally, Ruben Pesch and Ilyes Ben Hassine for their suggestions and discussions during the work. 

References 

[1] Di Giorgio and F. Liberati, “Near real time load shifting control for residential electricity prosumers under designed and market indexed 

pricing models”, Applied Energy, Volume 128, 1 September 2014, Pages 119-132. 

[2] B. Di Pietra, F. Zanghirella and G. Puglisi, “An Evaluation of Distributed Solar Thermal “Net Metering” in Small-scale District Heating 

Systems”, Energy Procedia, Volume 78, November 2015, Pages 1859-1864. 

Case Energy 

savings 

Specific solar 

energy 

FEp /FEs FEp / FEe 

(MWh/a) (kWh/m2a) % % 

1 66.6 271.1 3.8 8.3 

2 77.2 243.7 6.1 5.3 

3 48.7 356.2 5.0 4.5 

4 61.1 198.4 4.0 6.1 

5 78.0 213.1 6.6 4.0 

6 (ideal) 78.1 256.8 6.3 0.5 

7 78.6 241.5 6.6 4.6 



12 Pilar Monsalvete Álvarez de Uribarri / Energy Procedia 00 (2017) 000–000 

[3] E. Vesaoja, H. Nikula, S. Sierla, T. Karhela, P. Flikkema and C-W. Yang, "Hybrid modeling and co-simulation of district heating systems 

with distributed energy resources", In Workshop on Modeling and Simulation of Cyber-Physical Energy Systems (MSCPES), (April, 2014), 

pp. 1-6. 

[4] I.B. Hassine and U. Eicker, “Control Aspects of Decentralized Solar Thermal Integration into District Heating Networks”, Energy Procedia, 

Volume 48, 2014, Pages 1055-1064 

[5] I.J. Hall, R.R. Prairie, H.E. Anderson and E. Boes, 1978. “Generation of Typical Reference Years for 26 SOLMET stations”. Sandia 

Laboratories Report SAND 78-1601, Albuquerque, NM, USA. 

[6] J. Feng., Y. Ding and H.W. Wu, EnergyPlus energy simulation software [Software], (2012). Website: https://energyplus.net/ 

[7] J. Heikkinen, M. Rämä, K. Klobut and A. Laitinen, “Solar Thermal Integration Into A District Heated Small House”, Submitted to the 14th 

International Symposium on District Heating and Cooling, 2014 Stockholm. 

[8] J. Luther and J. Schumacher-Gröhn, INSEL- A Simulation System for Renewable Energy Supply Systems [Software]. Version 8.2. Website: 

http://www.insel.eu/ 

[9] L. Brand, A. Calvén, J. Englund, H. Landersjö and P. Lauenburg, “Smart district heating networks – A simulation study of prosumers’ impact 

on technical parameters in distribution networks”, Applied Energy, Volume 129, 15 September 2014, Pages 39-48. 

[10] L. Brand, P. Lauenburg and J. Englund, “District Heating Combined With Decentralised Heat Supply In Hyllie, Malmö”, Submitted to the 

14th International Symposium on District Heating and Cooling, 2014 Stockholm. 

[11] L. Brange, J. Englund and P. Lauenburg, “Prosumers in district heating networks – A Swedish case study”, Applied Energy, Volume 164, 15 

February 2016, Pages 492-500. 

[12] R. Schleicher-Tappeser, “How renewables will change electricity markets in the next five years”, Energy Policy, Volume 48, September 

2012, Pages 64-75. 

[13] S. Broberg, S.  Backlund, M. Karlsson and P. Thollander, “Industrial excess heat deliveries to Swedish district heating networks: Drop it like 

it's hot”, Energy Policy, Volume 51, December 2012, Pages 332-339. 

[14] S. Nielsen and B. Möller, “Excess heat production of future net zero energy buildings within district heating areas in Denmark”, Energy, 

Volume 48, Issue 1, December 2012, Pages 23-31. 

[15] U. Jordan and K. Vajen, 2000. DHW-calc. [Software] Version 1.10: Universitat Kassel. 

[16] U. Ottosson, “Next generation district heating – Findings and lessons from the project”, Submitted to the 14th International Symposium on 

District Heating and Cooling, 2014 Stockholm. 

[17] U. Persson, B. Möller and S. Werner, “Heat Roadmap Europe: Identifying strategic heat synergy regions”, Energy Policy, Volume 74, 

November 2014, Pages 663-681. 



 

Available online at www.sciencedirect.com 

ScienceDirect 

Energy Procedia 00 (2018) 000–000  

www.elsevier.com/locate/procedia 

 

1876-6102 © 2018 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  

Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating and Cooling, 

DHC2018.  

16th International Symposium on District Heating and Cooling, DHC2018,  
9–12 September 2018, Hamburg, Germany 

The effect of discretization on the accuracy of two district heating 

network models based on finite-difference methods 

J. Viviana,*, P. Monsalvete Álvarez de Uribarrib, U. Eickerb, A. Zarrellaa 

aUniversity of Padova, Dept. of Industrial Engineering, Via Venezia 1, Padova, 35131, Italy  
bUniversity of Applied Sciences Stuttgart, Center for Sustainable Energy Technology (zafh.net), Schellingstrasse 24, Stuttgart, 70174, Germany 

  

Abstract 

District heating and cooling (DHC) networks play a fundamental role in the transition towards a sustainable supply of heating and 

cooling, due to their ability to integrate any available source of thermal energy and to distribute it to the buildings. However, the 

use of renewable non-constant sources together with the variable heat demand of the buildings creates instable and pronounced 

transient operating conditions. In order to analyse the hydraulic and thermal behaviour and the dynamics occurring within these 

networks, several physical models based on different methods were proposed by previous researchers. Numerical thermal models 

based on finite difference methods (FDM) were pointed out to suffer from artificial diffusion when simulating the propagation of 

heat through the network. However, due to a wide and well-known literature on these methods, they are still used by many 

researchers and are therefore worth being investigated. The present paper analyses the effects of artificial diffusion using two 

models based on two different first-order approximation schemes. An ideal temperature wave and a dataset from a real DH network 

were used to evaluate the accuracy of the models using different discretization levels in time and space. As a result, the paper 

provides a framework to set a proper discretization when simulating a DHC network with FDM-based models considering both the 

expected accuracy and the computation time as criteria. 
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1. Introduction 

District heating systems are characterized by temperature and velocity fluctuations, especially when unstable heat 

sources such as waste or solar heat are connected. Furthermore, in many DH systems, a temperature wave is 

deliberately produced to reduce the flow during peak consumption periods.  

In literature two types of models for the simulation of the transient thermal behaviour in district heating systems 

can be found, namely the element-method and the node-method [1]. The element method finds an explicit solution to 

the transient heat balance equation by means of different possible finite difference schemes. It was shown that low-

order schemes suffer of artificial numerical diffusion, thus resulting in abnormal smoothing of sharp temperature 

profiles [2] and that higher order schemes may instead bring to overshooting [3]. In the element method, the 

temperature at each time–step is determined only from the time–step before. The node method, instead, uses 

temperature values at different time–steps to determine the current temperature situation [2]. Pálsson et al. [1] 

implemented and tested two models based on the different two methods. The comparison revealed that, unless higher 

order schemes are used, the node method is superior to the element method at low Courant numbers, which 

corresponds to a situation with long district heating pipes and sharp temperature gradients which in turn require small 

time-steps. Furthermore, the computational effort seems to be also lower for the node-method. The application of the 

node method is however limited to tree-shaped networks [4].  

Later on, another experiment was carried out to measure the temperature in a district heating pipeline under transient 

conditions [5]; both models were used to simulate the propagation of the temperature front and then compared against 

measured data. The comparison showed that the element-method predicts better the amplitude of the wave when the 

temperature changes rapidly, whereas the node-method predicts better the delay of the temperature front. 

Nevertheless, to obtain acceptable results with the element-method, an adequate discretization in time and space 

must be done in the pre-processing phase [6].  

In this paper we aim at investigating to which extent the performance of the models can be improved by a correct 

discretization of the network in relationship with the Courant number, and the impact that this discretization has on 

the accuracy of the results and the computational time. 

 

Nomenclature      Subscripts 

𝑐𝑝 Specific heat capacity (J/(kg K))   adim dimensionless 

Co  Courant number     i i-th node 

e Error      j j-th node 

f Performance indicator    g Undisturbed ground 

G Mass flow rate (kg/s)    in Inlet 

K  Stiffness matrix     min Minimum 

L Length (m)     n Number of nodes 

M Mass matrix     out Outlet 

q Vector of known terms    s Wave start 

T Temperature (°C)     st Steady state 

TCPU CPU time (s)     Tr Transient 

U radial heat transmission coefficient (W/(m2 K)) w Wave width 

v Velocity (m/s)      

V Volume (m3)     Greek symbols 

z Depth (m)      

        Time (s) 

Abbreviations      Ω Pipe section perimeter (m) 

       ρ Density of the heat carrier fluid (kg/m3) 

FDM Finite difference method(s)   λ Thermal conductivity (W/(m K)) 

ODE Ordinary differential equation 
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2. Models 

Both models describe the topology of the network using graph theory. The network is represented by a set of nodes 

and oriented branches and an adjacency matrix determines their mutual connections. Once the geometry is established, 

the pressure and temperature profiles are calculated.  

When forced convection occurs, the velocity of the heat carrier fluid does not depend on the temperature 

distribution. Therefore, the hydraulic and thermal sub-models can be uncoupled. This allows the calculation of the 

mass flow rates and the pressures across the network in a first step; then, given the mass flow rates, the energy balance 

is performed to find out the temperature distribution. 

Both models rely on the following assumptions: 

 A slug flow is assumed, which implies that the velocity of the heat carrier fluid is uniform in the radial direction 

(one dimensional model) 

 The heat conduction through the wall pipe along the axial direction is neglected 

 The heat transfer in the radial direction considers the convection between the heat carrier fluid and the inner 

pipe surface, the thermal insulation of the pipe and the thermal resistance of the surrounding ground 

 The heat capacity of the surrounding ground is neglected 

2.1. NeMo 

Due to the uncompressible nature of the heat carrier fluid, the hydraulic problem can be described using only two 

equations: the continuity and the momentum equations. NeMo solves these equations using the SIMPLE method 

proposed by Patankar and Spalding [7]. The heat propagation in the network is then described by the energy balance 

performed on the volume of heat carrier fluid around the nodes of the network. The control volume of the i-th node 

corresponds to half of the heat carrier fluid volume of all the branches connected to it. 

 

Fig. 1. Control volume of the i-th node. 

Applying the energy balance to the node shown in Figure 1 leads to Equation (1):  

ρVicp

∂Ti

∂
 =  𝐺𝑗−1𝑐𝑝𝑇𝑗−1 − 𝐺𝑗𝑐𝑝𝑇𝑗 − 

1

2
 (LjΩj𝑈𝑗  + Lj−1Ωj−1𝑈𝑗−1)(Ti − T∞) 

(1) 

Where G are the mass flow rates, V is the volume of heat carrier fluid enclosed in the control volume, Ω is the 

perimeter of the pipe section, U is the radial heat transmission coefficient from fluid to the ground and T∞ is the 

undisturbed ground temperature. The temperature of the branches is then associated to the temperature of the 

corresponding upwind nodes, according to the well-known upwind scheme. Therefore, Equation (1) becomes: 

ρVicp

𝑇𝑖
(𝜏)

− 𝑇𝑖
(𝜏−𝛥𝜏)

𝛥𝜏
=  𝐺𝑗−1𝑐𝑝𝑇𝑖−1

(𝜏)
− 𝐺𝑗𝑐𝑝𝑇𝑖

(𝜏)
−  

1

2
 (LjΩj𝑈𝑗  + Lj−1Ωj−1𝑈𝑗−1) (𝑇𝑖

(𝜏)
− Tg) 

(2) 

Equation (2) can be represented in matrix form as: 

M 𝑇̇ = 𝑞 − 𝐾 𝑇 (3) 
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Where M and  are the so-called mass matrix and stiffness matrix, respectively. The temperature at the inlet node 

is fixed (Dirichlet condition). The first-order ordinary differential equation (ODE) (3) is solved by the ODE solver 

ode15s of Matlab, that implements the Numerical Differentiation Formulas (NDF) [8]. The mass matrix is singular as 

the inlet node is massless according to the Dirichlet condition. The missing mass is attributed to the adjacent node. 

2.2. spHeat 

Also in spHeat model the hydraulic balance is solved before calculating the temperature distribution. Pressures at 

the nodes and mass flows along the edges are calculated assuming steady-state conditions using the electrical analogy 

to formulate the conservation of mass and the conservation of momentum. The pressure losses are calculated using 

the Darcy-Weisbach equation and the system of non-linear equations is solved by means of the Newton-Raphson 

method. The energy balance accounts for the transient behaviour of the heat carrier fluid using a finite difference 

method. Each pipe is discretized into a set of elements of length L. Equation (1) is applied to each of these elements. 

Then, the temperature at the node is calculated using an explicit formulation, as in Equation (4).  

 

ρVicp

𝑇𝑖
(𝜏)

− 𝑇𝑖
(𝜏−𝛥𝜏)

𝛥𝜏
=  𝐺𝑗−1𝑐𝑝𝑇𝑗−1

(𝜏−𝛥𝜏)
 − 𝐺𝑗1𝑐𝑝𝑇𝑗

(𝜏−𝛥𝜏)
−  𝐿𝑖Ω𝑖𝑈𝑖 (𝑇𝑖

(𝜏−𝛥𝜏)
− Tg) (4) 

While in NeMo the time step of the calculation is decided by MATLAB, in spHeat the time step is externally set by 

the user. Further explanations for the spHeat model can be found in [9]. 

3. Cases of study 

This Paragraph describes the two cases of study (Section 3.1 and 3.2) used to test the accuracy of the models 

presented above. 

3.1. Ideal square temperature wave 

The first case study consists of an ideal square wave that propagates through a single pipe. The inlet temperature 

is 30°C in the first 40 minutes, then it is 50°C for the next 40 minutes and finally drops to 30°C and remains constant 

for the last 80 minutes. The characteristics of the case study are summarized in Table 1. 

     Table 1. Parameters and boundary conditions of the pre-insulated pipe. 

Parameter Units Value 

Pipe length, L M 500 

Internal diameter of the pipe, 𝑑𝑖 mm 80.0 

External diameter of the pipe, 𝑑𝑒 mm 83.0 

Diameter of casing, D mm 150.0 

Thermal conductivity of insulation, λ W/(m K) 0.033 

Thermal conductivity of the ground, λ𝑔 W/(m K) 2.0 

Depth, z m 1.0 

Temperature of the undisturbed ground, 𝑇𝑔 °C 8.0 

Initial temperature at inlet node  °C 30.0 

Initial temperature at outlet node °C 30.0 

Mass flow rate (constant) kg/s 2.74 
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3.2. Real case study: measured data  

In the second case study the propagation of the temperature front in a 470 m long pre-insulated pipe, as logged 

during an experiment that was carried out by Ciuprinskas et al. [10] in the district heating system of Vilnius (Lithuania) 

during May 1997. This dataset was already used by other researchers for comparing and validating thermal networks 

models [5,11]. A schematic view of the experimental site is depicted in Figure 2.  

 

Fig. 2. Schematics of the experimental site (taken from [10]). 

The inlet temperature and the mass flow rate of the supply pipe are set as boundary conditions and the resulting 

outlet temperature profile is compared with the measured values. Due to the very low fluid velocity in the 

considered period (about 0.036 m/s), it takes hours for the temperature front to reach the outlet of the pipe. This 

unusual condition affects the accuracy of the models as discussed in Gabrielaitiene [5]. The parameters and the 

boundary conditions used in the simulations are reported in Table 2. The time-step of simulation is 5 minutes and 

the sample-time of the dataset is 10 minutes. Values at times between two consecutive loggings were linearly 

interpolated. 

     Table 2. Parameters and boundary conditions of the pre-insulated pipe. 

Parameter Units Value 

Pipe length, L m 470 

Internal diameter of the pipe, 𝑑𝑖 mm 312.7 

External diameter of the pipe, 𝑑𝑒 mm 323.9 

Diameter of casing, D mm 450.0 

Thermal conductivity of insulation, λ W/(m K) 0.033 

Thermal conductivity of the ground, λ𝑔 W/(m K) 2.0 

Depth, z M 1.0 

Temperature of the undisturbed ground, 𝑇∞ °C 8.0 

Initial temperature at inlet node  °C 67.7 

Initial temperature at outlet node °C 66.3 

Mass flow rate (constant) kg/s 2.65 
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4. Methods 

The temperature profiles at pipe outlet obtained from the simulations were compared to the theoretical ones (see 

3.1) and then to the measured ones (3.2). In order to facilitate the analysis, the dimensionless temperature suggested 

by [5] was used: 

𝑇𝑜𝑢𝑡,𝑎𝑑𝑖𝑚 =  
(𝑇𝑡𝑟 − 𝑇𝑠𝑡)𝑜𝑢𝑡

(𝑇𝑡𝑟,𝑚𝑎𝑥 − 𝑇𝑠𝑡)
𝑖𝑛

 (5) 

where 𝑇𝑡𝑟 is the temperature output given by the model and 𝑇𝑠𝑡 is the temperature during steady-state conditions. 

The normalized temperature 𝑇𝑎𝑑𝑖𝑚 is equal to 1 when the wave peak reaches the pipe outlet if no heat loss occurs in 

between, and is equal to 0 during steady state conditions –i.e. before and after the temperature wave arrives at pipe 

outlet.  

The Courant number is a dimensionless number that expresses the ratio between the physical velocity v (velocity 

of the water stream in each pipe element) and the “velocity of calculation”, i.e. the ratio between the length of each 

element 𝛥𝑥 and the time step 𝛥𝜏 used by the numerical method to update the temperature distribution.  

𝐶𝑜 =  
𝑣 𝛥𝜏

𝛥𝑥
 

(6) 

The Courant number indicates how fast the temperature information travels on the computational grid; the latter is 

regarded as the most important parameter as far as the performance of numerical methods for convective flow is 

concerned [1]. In explicit numerical schemes, a necessary condition for stability is Co < 1: the step size must be 

smaller than the time interval it takes for the flow to cross the smallest distance between two adjacent points [12]. 

Two indicators are used to measure the difference between simulated and actual temperature wave: the time of 

wave start 𝑡𝑠 and the wave width 𝛥𝑡𝑤. As explained in Sections 3.1 and 3.2, a temperature profile was set at the inlet 

of a pipe and the resulting temperature profile at pipe outlet was then compared to a reference profile in order to assess 

the accuracy of the models. The reference temperature wave was represented in the first case study by the ideal 

temperature profile and in the second case study by the measured temperature profile.  

The time of wave start was determined as the moment when the increment of temperature 𝑇𝑜𝑢𝑡,𝑎𝑑𝑖𝑚 between two 

consecutive steps was bigger than a certain value, set to 0 in the ideal case and to 0.0015 in the single-pipe case.  

The wave width was instead determined as the time interval with the outlet temperature 𝑇𝑜𝑢𝑡,𝑎𝑑𝑖𝑚 above a certain 

value, that was set to 0.05 in the ideal case study and to 0.20 in the second one. 

The error in the wave start 𝑒𝑠 is the difference between the times at which the temperature front arrives at the pipe 

outlet with the model and in ideal/measured conditions. Here, for a given time step Δτ used by the solver the error is 

expressed as a function of the number of nodes n  

𝑒𝑠
(𝑛)

=  𝑡𝑠
(𝑛)

− 𝑡𝑠
𝑖𝑑 (7) 

An analogous definition holds true for the error in the wave width, that is the difference between the length 

(duration) of the wave between modelled and ideal/measured conditions 

𝑒𝑤
(𝑛)

=  𝛥𝑡𝑤
(𝑛)

− 𝛥𝑡𝑤
𝑖𝑑 (8) 

In order to evaluate the improvement in accuracy brought by a higher spatial discretization of the pipe, the accuracy 

improvement 𝛥𝑒 was defined as the percent error between the model using n nodes and the error of the model using 

the minimum number of nodes considered (𝑛𝑚𝑖𝑛). This indicator was used for both errors (𝑒𝑠 and 𝑒𝑤) as follows: 

𝛥𝑒𝑠
(𝑛)

=  
|𝑒𝑠

(𝑛)
− 𝑒𝑠

(𝑛𝑚𝑖𝑛)
|

|𝑒𝑠
(𝑛𝑚𝑖𝑛)

|
 (9) 
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𝛥𝑒𝑤
(𝑛)

=  
|𝑒𝑤

(𝑛)
− 𝑒𝑤

(𝑛𝑚𝑖𝑛)
|

|𝑒𝑤
(𝑛𝑚𝑖𝑛)

|
 (10) 

Finally, the indicator f was defined as the ratio between the accuracy improvement and the logarithm of the 

computational time 𝑇𝐶𝑃𝑈 needed by the processor to find the solution. This indicator represents the efficiency of the 

model for each discretization level considered. 

𝑓𝑤
(𝑛)

=  
𝛥𝑒𝑤

(𝑛)

log10 𝑇𝐶𝑃𝑈
(𝑛)

 (11) 

𝑓𝑠
(𝑛)

=  
𝛥𝑒𝑠

(𝑛)

log10 𝑇𝐶𝑃𝑈
(𝑛)

 (12) 

 

5. Results and discussion 

5.1. Accuracy of the models: evaluation using an ideal square temperature wave 

Figure 3 shows the outlet temperature of the step wave for both models, NeMo and spHeat. In both cases it can be 

seen that increasing the number of nodes reduces the artificial diffusion and leads to a better approximations of the 

theoretical wave. By comparing Figure 4(a) and 4(b), it seems that spHeat obtains a better fit on the amplitude of the 

wave. 

  

Fig. 3. Normalized temperature profiles with different discretization levels obtained with (a) NeMo and (b) spHeat. 

Figure 4 plots the two errors (wave start and wave width) against the mean Courant number. Note that the 

MATLAB ODE Suite does not allow the user to set the time-step of the solver, but only to set an upper threshold. The 

solver used by NeMo is ode15s, that uses a variable step size. Therefore, the upper step size was fixed to the nominal 

values of Δτ = 3 s and Δτ = 30 s, and then after the simulation the average time-step Δτ was printed and used to 

calculate the mean Co a posteriori. In turn, spHeat does allow externally fixing the timestep, keeping it constant (and 

the Co number with it) during the complete period. On the flip side, spHeat does not support models with more than 

100 nodes. Figure 4(a) confirms that, since NeMo is based on an implicit differentiation method, using Co > 1 does 

not imply convergence problems, and both errors decrease asymptotically with increasing Co, i.e. with increasing 

number of nodes. Figure 4(b) show the results obtained with spHeat. Co > 1 is not allowed on this model due to the 
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explicit solution methodology. Nevertheless, the tendencies in the errors are similar to those of NeMo but with the 

maximum limit. For a given Courant number, the temperature profiles obtained with Δτ = 3 s give a lower error than 

those obtained with Δτ = 30 s. This is reasonable because the same Co number with a 10-times lower time-step implies 

solving the equation 10 times more, i.e. having a finer mesh in space and time. 

 

  

Fig. 4. Errors in wave start (es) and wave width (ew) for (a) NeMo and (b) spHeat. 

It must be noticed that spHeat provides a perfect match with the theoretical solution for Co = 1. This is specific for 

this case and is due to the fact that the output temperature in the theoretical solution is very similar to the input 

temperature. In spHeat when Co = 1, the same shape of the wave is propagated along the pipe, i.e. there is absence of 

diffusion. This is due to the fact that there is no mass or heat exchange between pipe elements. So, the only phenomena 

considered is the heat loss to the ground.  

It is interesting to calculate the accuracy improvement Δe defined in Equations (9-10) and to relate it to the 

computational time needed by the processor to find the solution. Figure 5 shows that, while the accuracy improvements 

Δes and Δew tend to 1, the CPU time grows exponentially. Therefore, choosing a discretization level that gives an 

acceptable accuracy at a reasonable computational cost seems to be an efficient criterion to determine the discretization 

level in the pre-processing phase. To which extent the accuracy is “acceptable” and the simulation time is “reasonable” 

depends on the scope of the simulation and on the time constraints of the user, and can not be generalized here. 

However, the performance indicator f plotted in Figure 5 demonstrates that a “region” of high efficiency arises from 

the compromise between accuracy and CPU time. 

 

  Fig. 5. Performance indicators of the first case study for NeMo simulations. 
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5.2. Accuracy of the models: evaluation using measured data 

Figure 6 shows the temperature profiles measured at pipe outlet in the experiment described in Section 3.2 (dashed 

line) and those obtained by modelling the same pipe with the finite difference models. The effect of artificial diffusion, 

that is typical of FDM models based on first-order approximation, seems to drop significantly when a sufficiently high 

number of nodes is adopted. This consideration holds true for the wave start and for the wave width, whereas 

overshoots seem to occur when the mesh gets too fine. In fact, NeMo seems to best approximate the amplitude of the 

wave with only 21 nodes, and to overestimate the peak for higher number of nodes. This result does not agree neither 

with the observations of the first case study nor with the theory, as overshoots are expected from models of higher 

order [3]. However, this overestimation of the peak might be caused by stratification effects that occurred during the 

experiment due to very low velocity of the flow, as discussed in a previous paper [11] and that are not considered 

within the models. Therefore, the wave amplitude cannot be used as an indicator of the models accuracy. 

 

  

Fig. 6. Normalized temperature profiles obtained by (a) NeMo and (b) spHeat using different discretization of the pipe. 

  

Fig. 7. Errors in wave start and wave width of (a) NeMo and (b) spHeat. 

Figure 7(a) shows that the accuracy of NeMo has a similar trend compared to that discussed above for the ideal 

case study. In particular, the error in wave start shows the same tendency: it drops with increasing Courant number, 

with the approximation error asymptotically reaching 0 for very dense meshes. For a given Courant number, the lag 

decreases with increasing number of time steps. The errors in wave width have a similar trend, but above a certain Co 
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the width becomes smaller than the measured one. Accordingly, an optimal accuracy arises at Co = 0.1 when the 

solver uses a 30 s time-step, and at Co = 1 when the time-step is 300 s. The explicit solution, Figure 7(b), follows a 

similar tendency, the error is reduced when the Co number increases but finding an optimum after which the errors 

start increasing again. In this sense, the implicit solution has the advantage that the best solutions can be found in a 

range, so the model is more adaptable to changes in the water velocity. This optimum of the explicit solution seems 

to be dependent also on the time step. As well as in the case of the implicit solution, the smaller the time-step, the 

smaller the optimum Co number. Nevertheless, the deviations from the “ideal” behaviour shown in Figures 6(a) and 

6(b) suggest that either some errors in the experiment might have occurred, or that the models don’t consider some 

physical effects that are occurring during the experiments. In fact, the tendency of the error in wave width seems to 

be in line with the one highlighted for the ideal temperature wave, but shifted downwards. 

6. Conclusions 

In the present work the effects of numerical diffusion obtained by two district heating network models based on 

two different first-order approximation schemes were analysed. The main difference between the models is that one 

(spHeat) uses an explicit method and the other (NeMo) is based on an implicit method. From the analysis of the results, 

the following conclusions can be drawn: 

 Both models show good agreement with the outputs of a theoretical square temperature wave that propagates 

along a pipe, if the right Courant number is chosen for pipe discretization. 

 When comparing the models with measurements of a real district heating pipe, some uncertainties appear and 

make the comparison less reliable. Nonetheless, both models show again good agreement with the 

experimental data in crucial zones such us the moment when the temperature starts to rise and when it ends its 

drop. 

 The comparison with the experimental data suggests that there is an optimum range of Courant number and 

the relationship between this and the calculation time step must be further studied. 

 While the accuracy of the models increases linearly/asymptotically with the number of elements/nodes set by 

the user, the computational time has an exponential increase. 

A performance indicator such as the one shown in the paper could be used in the pre-processing phase to determine 

the best trade-off between expected accuracy and computational cost. 
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