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Abstract
Towards the mitigation of climate chance and the reduction of green-house-gas emissions,
cities, nowadays, persistently tend to increase the power generated from renewable energy
resources. The penetration of renewables, however, implies several side-effects. Renewable
energy sources such as wind and solar energy constitute inflexible energy sources, which are
difficult to manage within an energy system. In addition, the rapid urbanization and its sideeffects in the energy sector, further deteriorates the situation. This combination of increasing
energy demand with inflexible ways to produce energy motivates researchers to come up with
innovative and effective solutions in order to deal with such challenging issue. Such solutions
constitute the concept of smart cities.
One way to deal with such mater is to explore possible means of energy storage in smart cities.
Considering that the building sector currently occupies a fundamental role to cities, the
investigation of available capacitances in the existing building stock would be a plausible
target. Moving towards this direction, it is essential to search for applicable technologies that
can create capacitances for energy storage in buildings. Subsequently, a city scale application
of such patterns could contribute more effectively to the mitigation of peak demands. .
The current project deals with the issue of peak load management by utilizing the existing
capacities of a building with respect to its heat demand. Such capacities are “hidden” in
buildings’ passive behaviour, which is directly linked with their construction.
In order to assess buildings thermal behaviour, an existing building case is implemented in a
building simulation tool named IDA ICE. Initially, this building model is validated with the
full-scale measurements conducted.
Based on the validated model, parameter variation with three different scenarios is carried out
in order to evaluate the possibility of short-term energy storage, which indicates the flexibility
potential of the examined building model. The first scenario is a proof of concept which
examines the effectiveness of the material used as thermal mass by comparing a heavy and a
light weight construction. The second scenario investigates how accurately the simulation of
building’s thermal behaviour is. Finally, the third scenario uses a preheating pattern in order to
quantify the time interval of the evaluated flexibility potential. Based on the outcome of the
project, it could be highlighted that heavy weight construction is proved as more effective for
storing amounts of heat within its thermal mass. Additionally, a heavily constructed building
combined with a preheating pattern could lead to significant a heat storage, which could
accomplish a significant peak load shifting.
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Chapter 1: Introduction

Chapter 1

Introduction

The urbanized cities have already set high priority in favor of confrontation of the increasing
rates of GHG (Green House Gas) emissions. This tendency is mainly expressed with several
energy policies and other incentives towards the GHG reduction. Denmark, for instance,
suggests a global decrease of 50% in GHG emissions by 2050 from the respective values of
1990. Additionally, energy demand is forecasted to triple by 2050, which could not be feasibly
supported by the existing electrical infrastructures (McDonald, 2008). Danish Energy Agency
claims that by 2020 the share of wind power is expected to be 50% and it is also planned to
rapidly increase until 2050 to approximately 100% setting Danish power production utterly
fossil-fuel-free (Danish, 2013).
Such rapid transition of the current energy systems, however, contains “hidden” challenges. In
Denmark, the main energy resources that will replace the fossil energy sources are wind power
and biomass. According to (Meibom, et al., 2013), the evolution of an energy system into a
system based on inflexible energy resources presumes that “the system allows energy
movement in both time and space and between systems, so as to continuously meet consumer
energy demand”.
In order to deal with such amounts of RES penetration the key role in the energy systems is
occupied by flexibility. The challenging issue is to either implement new energy capacities in
the system or utilize the already existing ones. A lot of research has been made towards both
directions and a wide range of technologies are proposed in order to increase the flexibility
inside the energy system.
Considering the aggregate electrical and thermal energy consumption, the building sector is
responsible for one third of the total energy related to GHG emissions (Houghton, et al., 2001).
In the European Union, the residential building sector accounts the 22% of the total energy
consumption ((IEA), 2011). Thus, the residential building stock constitutes a neuralgic, yet,
vital part of an energy system.
The current project investigates the possibility to explore the flexibility potential in the already
existing and utilizable capacities. Since the residential building stock has a great deal to offer
to energy storage capacities this thesis concentrates its focus in the available thermal mass of
such building stock. The energy storage capacities investigated, refer to thermal energy which
is primarily corresponds to the alleviation of the heat demand.
In order to investigate the aforementioned subject, a specific methodology is proposed and it
is presented in the following chapter. An overview of the whole structure of the report is
presented below.
An overview of the whole structure of the report is presented below.
Chapter 2 contains the methodology part, which briefly describes the steps that lead to the
evaluation of the flexibility potential.
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Chapter 3 includes the theoretical background of the report. This part of the project consists
of an extensive theoretical framework.
Chapter 4 presents the general model description of the building model and its implementation
in IDA ICE. Moreover, in this chapter, the validation of the simulation model takes place
together with the comparison of the simulated and the measured data.
In Chapter 5 the simulation model, which is used for the parameter variation, is described.
Apart from that, this chapter also contains the descriptions of the main methodology followed
for the evaluation of the flexibility potential, which refers to three simulation scenarios.
Chapter 6 presents all the relevant results obtained from the parameter variation. An additional
analysis of the scenarios’ outcome is included in this chapter as well.
Chapter 7 comprises of the main conclusions of the project as well as some discussion
regarding possible errors or uncertainties. In the end of this chapter, a proposal for future
investigation is made.
Chapter 8 contains all the references used in the current report.
Chapter 9 includes the Appendix, which includes two relevant scientific projects an article
and a poster.
The article named “Change in design targets for building energy towards smart cities”, from
Heller et al (2014), was presented in the 3rd International Workshop on Design in Civil and
Environmental Engineering.
The scientific poster entitled “Approach to aggregation of building energy demand and
building typology to be applied to smart cities”, from Gianniou P and Katsigiannis E., was
presented in the CITIES Inaugural General Consortium Meeting.
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Chapter 2

Methodology

The main objective of this report is firstly, to verify the flexibility potential of a building with
significant thermal mass embedded in its wall construction, by means of short-term thermal
energy storage, and therefore, attempt to quantify this potential with respect to a parameter
variation of preheating schedule. In order to accomplish such target the following methodology
is followed.
Initially, this evaluation is investigated based on the existing building case of a residential
building model, located in Holzkirchen, Germany. This building is implemented in a
commonly used simulation tool, IDA ICE. In order to verify whether the implemented
simulation model is an accurate representation of the existing conditions of the twin house
model, a validation process is carried out. Full scale measurements are compared with the
outcome of the simulated building model with respect to the model’s thermal behavior reflected
in its indoor environment. The results, derived from both the simulation process and the real
scale measurements, are demonstrated and compared graphically as well as based on statistical
parameters.
After the model is calibrated through the validation, the main body of the project takes place.
The evaluation of the flexibility potential is conducted gradually in three different parameter
variations - scenarios. The first scenario corresponds to a proof of concept, which indicates that
heavy weight constructions with high thermal inertia present a higher possibility to contribute
to buildings flexibility potential. This parameter variation includes the investigation and
comparison of two different wall construction types: a heavy and light weight wall
construction.
The second scenario contains a simple parameter variation, which examines how accurate the
illustration of IDA ICE thermal model is. This calculation model is used in order to simulate
the heat transfer through the wall components. The parameter that varies, is the layer of the
wall component which corresponds to the thermal mass of the wall.
The actual evaluation of the flexibility potential of the examined residential building model is
investigated in the third parameter variation. This scenario presents a pattern to control the
indoor air temperature in order to be able to load the thermal mass of the building without
influencing the zones’ thermal comfort. The parameter variation refers to three different
preheating schedules which are implemented in the heavy weight building model from the first
scenario. The outcome of each conducted simulation is then analyzed in order to determine
which is the suitable preheating scenario that contributes the most to a potential peak load shift
(flexibility).
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Chapter 3

Theoretical Background

3.1 Smart Cities
It is estimated that over half of the global population is now living in urban settlements (UN
Population Fund, 2007), which collectively consume three quarters of global resources
(Girardet, 1999). Homo sapiens became homo urbanus (Grimond, 2007). Urbanization, in
particular, has increased dramatically over the past few years and forecasts indicate that urban
areas will significantly increase in the future (UN , 2012). Such rapid urbanization has resulted
in converting cities into the main energy consumers and generators of greenhouse gas (GHG)
emissions. Specifically, United Nations expects that for the next two decades we will need to
plan design and build new homes for 1.7 billion people with buildings already accounting for
some 40% of carbon emissions in many countries (WBCSD, 2004). Equally important is the
fact that energy demand in cities will triple by 2050 and it would be impossible for the existing
infrastructures to cover such demand (McDonald, 2008).
Therefore, it is of crucial importance not only to mitigate this constantly expanding demand,
but also introduce and establish concepts and solutions that lead to more sustainable urban
growth (Reinhart, et al., 2013). Such smarter solution, which is necessary to address the
emerging requirements in urban environments, is the Smart cities initiative. This initiative
was developed with respect to previous experiences of measuring environmentally friendly and
livable cities, embracing the concepts of sustainability and quality of life but with the important
and significant addition of technological and informational components (Maria-Lluisa Marsal
Llacuna, 2014).
The term “smart” is also encountered in recent city-relevant studies, as “intelligent city”,
“information” or “knowledge city”, “digital city” and “ubiquitous city”. As expected, all these
similar references of the city perception are based on several common characteristics, while
each approach has different scope and focuses on different indicators (Lee Hoon Jung, 2013).
The term “Smart City” is often received as a specific ability of the city without accounting the
interactions between its features. In other words, the term “smart” is not yet addressed as a
holistic way of analyzing a city’s attributes, but it commonly refers to specific characteristics,
such as smart grid or smart district heating network or the smartness/level of education of the
city’s residents, without considering the relations between them (Giffinger, 2007). Ideally, the
“Smart city” concept refers to a smart system characterized by the interaction between
infrastructure, capital, behaviours and cultures, achieved through their integration (Alkandari,
et al., 2012). In other words, the holistic approach of a “smart city” includes all the aspects of
an entire urban system. Sectors, such as transportation, water, waste, quality of life, socioeconomic circumstances as well as the energy demand – supply and distribution – storage, are
all thoroughly examined, not only individually but also under the scope of their significant
interactions (Schmidt et al., 2012).
Throughout the aforementioned definitions and different approaches, the common fundamental
characteristic of a smart city is the Information and Communication Technologies (ICT).
5
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According to (Neirotti, 2014), ICT manages the cities resources and facilitates the penetration
of modern technology into urban life.
Apart from ICT, there are other fundamental elements that constitute a smart city. The research
team of “European Smart Cities” introduce the dominant six core-characteristics related to
smart cities: smart economy, smart people, smart governance, smart mobility, smart
environment and smart living (Giffinger, 2007). Smart economy refers to the competitiveness
of the market and smart people represents the social and human capital. Smart Governance
contains the regulatory framework and the decision-making domain, smart living stands for the
welfare and quality of residents’ life, smart mobility includes the transportation sector
combined with ICT and, last but not least, smart environment introduces the environmental
sector representing the exploitation of the natural resources.

Figure 1.Smart City Characteristics (Nielsen, 2012)

To conclude, probably the most fundamental component of a smart city is energy, which is
directly or indirectly linked with all the aforementioned elements. Taking into consideration
that more than 75% of world’s energy production is consumed in cities (Lazaroiu & Roscia,
2012), the energy balance in smart cities is nowadays a top priority.

3.2. Energy in Smart Cities
A vast research has been conducted on the optimization of energy production and distribution
in urban networks. The energy supply and demand of a smart city, as well as the equilibrium
between them, is the most challenging issue that current cities have to confront. In addition,
originating from the need to reduce the GHG emissions and establish a fossil-fuel-free power
production, Renewable Energy Sources (RES) are set as top priority of the available potential
energy sources. This current tendency to promote RES integration to cities’ power production
enhances the need of demand - supply management, since RES consist of inflexible energy
resources.
For instance, wind energy is a renewable energy source that has been proved to be emissionfree and significantly effective for the overall energy production (Walawalkar, et al., 2010).
What is more, the share of electricity generated from sources, such as wind energy, is logically
growing in response to the need to cut down GHG emissions and reduce reliance on fossil
fuels. Indicatively, the share of wind energy in Denmark is estimated to reach 50% of total
energy production by 2020. However, such energy source has an intrinsic inflexibility that can
seriously affect the energy system’s stability. According to (Stadler, et al., 2009), large-scale
usage of renewable energies for electricity production results in time-varying stochastic
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availability of electricity. Moreover, the unconformity of power production and demand
fluctuations combined with the inflexibility of wind energy deteriorates the balance of the
electrical distribution system.
European Union (EU) Member States are working intensively to improve energy efficiency in
all end-use sectors, to increase the exploitation of RES in order to tackle environmental
concerns deriving from energy consumption of fossil fuels, and to support self-sufficiency and
energy security (Balaras, et al., 2007). The current efforts were made on the transition of the
existing energy systems to systems based only on renewable energy sources imply that a city’s
energy system should be able to accommodate and sustainably control the amount of energy
produced from renewable sources.
Considering the aforementioned facts, issues that unavoidably occur are “how cities can deal
with the radically increasing RES penetration?” and “Are there any available storage
capacitances inside a city that could contribute to a more flexible and balanced demand-supply
equilibrium?”
The first challenging issue, which is directly linked to the second one, constitutes an important
and “cultivated” sector. According to (Palensky & Dietrich, 2011), the energy demand as well
as the overall energy management within a city is of crucial importance and it receives
increasing attention by research and industry. Hence, the main focus of the energy domain of
a smart city is placed on energy efficient ways to store, convert and distribute electricity inside
the city. Simultaneously, the current tendency to promote RES integration to cities’ power
production, which consists of inflexible energy resources, enhances the need of demand supply management as well as the utilization of the available storage capacities. This issue can
be confronted mainly with “smart solutions”.
Such “smart solutions”, which could undoubtedly improve and maintain the balance in a city’s
energy system, include familiar terms such as smart city, smart appliances, demand side
management, demand response etc.
To begin with, smart grid is probably the most vital domain of a city, as it contains three major
components: generation, transmission/distribution and demand of energy (Barrett & Spataru,
2013). Smart grid is defined as any combination of enabling technologies, hardware, software,
or practices that collectively make the delivery infrastructure or the grid more reliable,
versatile, secure and ultimately more useful to consumers. Currently, the smart grid is just a
vision for a distributed, internet-like system that will provide better control of existing grid
infrastructure, both transmission and distribution. Moreover, it delivers electricity from
suppliers to consumers using digital technology to optimize energy savings, energy cost, and
reliability. ICT evolves the operation and effectiveness of the grid, as it provides more visibility
and control of the existing grid infrastructure (both transmission and distribution) as well as
customer demand response and distributed energy resources. Thus, it could be outlined that
“smart grid” is by definition the main “tool” to confront the energy demand-supply
management within a smart city.
In electricity-oriented energy management, one technology which can contribute to energy
conservation, is the integration of energy-efficient appliances into the grid (Lui, et al., 2010).
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In this regard, smart appliances will be no longer merely passive devices that drive energy
productions but active participants in the electricity infrastructure for energy optimization and
increased compatibility (Li, et al., 2014). Key indicator for the utilization of smart appliances
into the smart grid framework is the demand response (DR). According to US Department of
Energy, the demand response is defined as “changes in electricity usage by end-users from
their ordinary consumption patterns in response to changes in the price of electricity, or to
incentive payments designed to induce lower electricity use at time of high wholesale market
prices or when system reliability is jeopardized” (North American Electric Reliability
Corporation, 2013), (U.S. Department of Energy, 2006). In other words, DR contains all
intentional modifications to electricity consumption patterns of end-use that shift energy
consumption in time, the instantaneous demand at critical periods as well as consumption
patterns in response to market prices (Albadi & El-Saadany, 2007). The DR can be either
curtailable or price-responsive. The curtailable DR refers to the end-user’s commitment to
curtail the consumption under specific circumstances and receive an explicit payment for
curtailing load On contrary, the price-responsive DR addresses the consumer’s exposure to
time-varying rates without being compensated (Navid-Azarbaijani & Banakar, 1996),
(Westerman & John, 2007), (Nguyen, et al., 2011), (Conejo, et al., 2010).
In the same sense, a widely spread additional term towards the balance of energy production
and consumption is demand side management (DSM) (Gellings & Chamberlin, 1988). The term
DSM is defined by (Stadler, et al., 2009) as all ‘‘utility activities that influence use on the
customer’s side of the meter’’. As the major focus in DSM is on energy conservation or energy
efficiency (Clinch, et al., 2001), both mentioned problems can be addressed by relocating loads
from periods of low availability of electricity to periods of peak availability (load shifting).

3.2.1. Smart technologies
Following the electricity-based perspective, there are several studies and proposals that
contribute to the stability and efficiency of an electricity grid. The main objective of such
technologies is to preserve the excess energy inside the grid, when the production is higher
than the demand, in order to provide it back to the grid during the peak load hours. To store a
constantly fluctuating energy production, enormous batteries would be required for such
amount of electricity. Indicatively, some already popular technologies are described below.
First and foremost, electrical vehicles (EVs) constitute a rapidly growing phenomenon in recent
cities, which could contribute to the aforementioned energy conservation within the grid.
Phenomenally, the EVs penetration could cause additional stress to the grid, a fact that implies
potential transformer overloads, feeder congestions and undue circuit faults (Shao &
Pipattanasomorn, 2012). On the other hand, under certain circumstances and specific charging
patterns, EVs could establish small capacities connected to the grid and available for shortterm storage. A robust technology to provide stability in the power generation during the peak
load hours is Vehicle to Grid (V2G) concept. V2G concept mainly refers to future smart grid
with wide use of Plug-in hybrid electric vehicles (PHEV) – vehicles with implemented storage
capacities constantly connected to the grid (Ahmad & El Chaar, 2011). The mass number of
parked PHEVs compose an acceptable amount of distributed storage capacity and can be
considered as a significant contribution to the distribution system during the peak load hours
8
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(Vojdani, 2008). Undoubtedly, such technology requires developed and accurate information
and communication infrastructure, apart from the large number of PHEVs. One enabling
technology is the aforementioned Demand-side management (DSM) (De Craemer, et al.,
2014).
Moreover, as mentioned above, another effective flexible technology is the exploitation of the
household’s appliances. An already widespread example is DSM in refrigerators, boilers and
to a certain extend HVAC systems, as they are designed to maintain the set temperature as long
as possible without the use of further energy. According to Bigler et al, due to the thermal
inertia the change in temperature is typically very low if heating or cooling is shifted in time
for a few minutes or even hours (Bigler, et al., 2011). Furthermore, devices or processes
associated to thermal storage present intrinsic flexibility in consumption as long as their
operation is managed within certain comfort bounds. For space heating Costanzo et al, proposes
an autonomous demand - side load management system for smart buildings, which enables the
efficient load control using “smart” scheduling techniques (Costanzo, et al., 2012). In a similar
way, refrigerators or water chillers can also be used for such cause (Costanzo, et al., 2013).
Refrigerators, as flexible consumption units, have the ability to shift their operation within the
acceptable temperature and operational levels supporting in that way, the space heating system
(Hermes & Melo, 2009).
In conclusion, such technologies could undoubtedly contribute in a satisfactory level to the
balance of an RES penetrate energy system. On the other hand, the problem would not be
solved just relying on these specific technologies. Only a proper combination of several distinct
patterns would be proved as an effective way to rationally and normally integrated larger
amounts of RES in the energy production.

3.2.2. Flexibility
As mentioned above, the challenging issue is “how could the already existing storage
capacitances of an energy assembly - including the distribution system and the end-users - be
utilized towards an issueless relationship between demand and supply”. Its confrontation of
indicates the need of both the implementation/exploitation of storage capacities (new or already
existing ones) within an urban network and the “smarter usage” of the energy flow.
Since the energy storage itself within the grid is not a panacea for dealing with RES penetrated
electricity networks, the smart use of energy is significantly effective. For instance, when the
electricity demand of a district reaches its peak, and the instantaneous demand mismatches the
respective power production, the grid’s balance may be threatened. Therefore, in order to avoid
such peak loads, it is vital to move demands from high-demand periods to low-demand periods.
This demand-shifting ability of a smart grid or an energy system in general, is defined as
flexibility and it is accomplished through utilizing the available storage capacities of the
network and controlling the energy consumption from the end-user side.
This flexibility potential has a great deal to offer to the energy systems and can be accomplished
with several ways – technologies, not only for electricity-based networks but also combined
heat and power structures. For instance, in District Heating (DH) systems with combined heat
and power (CHP), the electrical power generation can be decoupled from the heat load in the
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system; thus, electricity can be generated when the electrical price is high and the heat can be
stored and utilized when it is best needed (Arteconi, et al., 2012). Similarly, in DH systems
with heat pumps, during a low-cost period for electricity, the heat can be generated with heat
pumps, be stored in the available storage capacities (i.e. short-term thermal energy storage) and
then, be utilized when there is demand for heating (Kensby, et al., 2015). Such patterns could
undoubtedly be effective for the DH system to act as a balancing force for the electrical grid.
In the current project, flexibility potential is evaluated in a different way. It currently refers to
the potential peak load shift, which could be achieved, based on the amount of thermal energy
stored in buildings’ thermal mass. This flexibility potential is directly related with two input
parameters: the preheating period, which is the pattern used to load thermal masses in order to
evaluate the building’s potential, and the temperature range, which is defined from the thermal
comfort limitations. The following formulation describes the aforementioned parameters.
𝒇(𝑰𝒕 , 𝑻𝒓𝒂𝒏𝒈𝒆 ) = 𝑻𝑹

3.1

Where, f indicates the flexibility potential, which is related with It, the input (preheating) time
and Trange, the temperature range, whereas TR refers to the thermal response. In other words,
this equation practically means that longer preheating period or wider temperature range,
implies higher thermal response, which is reflected to the flexibility potential.

3.3. Building role to flexibility
Smart grids require a smart small-scale design, where energy demands of participating
buildings are subjected to a general and collaborative demand management. The growing issue
is whether buildings have any potential contribution to mitigate the fluctuation of energy
demand considerably and in which way. Traditionally, the power demand has guided the design
of grids, the challenge with large scale application of buildings -which not only consume but
also generate energy- is that the grid has to be designed with respect to the power demand as
well as the local energy generation and the way these coincide (IEA, 2014). In this regard,
combining both energy demand and local production in the smart grid design (or smart energy
system when energy does not refer only to electricity), buildings are expected to have a
fundamental role in the future energy networks.
Considering the building as a unit of a DH system, there are several technologies that could
contribute to a potential short-term thermal energy storage (TES). Such technologies are:





Hot water tanks.
Phase change materials (PCMs).
Varying temperature in the DH network.
Utilizing building thermal mass (thermal inertia).

This project’s focus is attracted by the ways in which the utilization of thermal mass could be
effective for the potential flexibility of an energy system. But what does this thermal mass
practically represents?
In building science, the term thermal mass is used to define the ability of an element to store
thermal energy and it corresponds to the material used in the building envelope or a building
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component and its heat storage capacitance. Thermal mass has the ability to absorb - through
convection and radiation - and store heat energy during a warm period and to release heat
energy during a cool period later (Ma & Wang, 2012). For instance, in the case of an outsideinsulated building envelope, a material with a satisfactory specific heat capacity (J/K)
implemented in the wall assembly, could postpone heating or cooling for a significant period
of time without affecting the indoor thermal comfort of the building. Thus, if the building is
excessively preheated/cooled within the comfort range of the room temperature prior to a
shutdown of heating/cooling it is possible to prolong the shutdown period. This buildings’
ability is directly described as their thermal inertia, which is the actual measure of the thermal
mass. Buildings with high thermal inertia are heavily constructed buildings with significant
amounts of thermal masses embedded in their structural components. Subsequently, a
quantification of thermal inertia is given by the time constant. The time constant of buildings
could vary from several hours to days, depending on the amount of exploitable thermal mass
together with the heat loss, internal gains, user pattern and the actual climate conditions. For a
typical building this can be measured by turning off the heating power on a cold day to see how
quickly the internal temperature drops. Indicatively, a heavy building can be characterized by
a time constant equal to 300 h while a light building less than 100 h. However, time constant
cannot be exclusively used to indicate the flexibility potential of a building, since it does not
describe neither the exact time needed for the thermal mass to absorb or release a specific
amount of heat nor the quantity of the heat stored.
Last but not least, practically, the main parameter that differentiates the effectiveness of thermal
mass is the material used in the wall assembly apart from the insulation. The “quality” of such
materials originate from the thermal characteristics of the wall components and mainly the
specific heat capacity.
Heat storage and heat capacity of the envelope are the key factors of building masses that a
researcher can deal with in order to investigate the aforementioned flexibility potential of smart
grids. Thermal energy storage is generally divided in three main categories: sensible, latent and
chemical storage. The present study focuses on the sensible heat storage, which is related with
heat capacity or thermal capacity of materials. Latent storage is mostly used in phase-change
materials whereas chemical is a result of chemical reactions that give off or soak up heat
(Karlsson, 2012). Heat storage using materials’ heat capacity is a passive method used to save
the amounts of heat that penetrate physical elements of building envelope during a day, in order
to delay the heat flow to indoor space and displace heat demands.
Considering the phenomenon according to which, all materials absorb thermal energy when
their environment's temperature is increased and afterwards discharge it back, the exploitation
of sensible energy storage is applicable for every component of several building types. In other
words, such materials used in a building envelope, receive thermal energy from the
environment and have the ability to store it by raising their temperature. This ability of the
building elements is characterized by their heat capacity.
The term heat capacity, or thermal capacity, is the quantification of the materials' thermal
feature to absorb amounts of thermal energy and it refers to the ratio of the heat added to or
subtracted from an object to the resulting temperature change (Deb, 2013) and (Halliday D.,
11
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2013). The higher the value of heat capacity is, the bigger the amount of heat that can be stored
into the material. The heat storage of each material can be calculated by the following equation:
𝑞 = 𝑚 × 𝐶𝑝 × 𝑑𝑇𝑞

(4.1)

where m is mass of substance, 𝐶𝑝 is the specific heat capacity of the substance and 𝑑𝑇𝑞 refers
to the temperature difference.

3.3.1. Building’s passive behavior
A properly designed building can be utilized in several ways in terms of the available thermal
masses, which can be used as storage capacitances for heat. In this regard, the passive behavior
of a building can be proved as energy efficient and it can act additionally with the implemented
heating and cooling system. The most effective element of the building’s passive behavior is
the building envelope.
The type of construction and the composing materials, form the building envelope and provide
the whole structure with specific technical and thermal characteristics. A building envelope is
the physical element, formed by the synthesis of multiple components, which encloses the
indoor space and isolates it from the outside and unconditioned environment (Cleveland &
Morris, 2005). One of the most important functions of building envelope is to determine the
energy flow between interior and exterior spaces either by defining the amount of heat that
passes through the physical elements of the construction or by influencing the time period of
this heat transfer.
Researchers, engineers as well as market industries have moved the focus of energy efficient
constructions to the minimization of heat losses by constructing highly insulated building
envelopes. At the level of urban scale, sustainable systems can be designed not only with the
aim of reducing energy needs, but through an effective management of energy flows through
time. It is a matter of establishing the balance between the different timing of renewable energy
availability and peak points of population energy demand. An innovative solution for flexible
energy management is the energy storage from the consumer side, whenever there are available
and exploitable capacities (Thavlov & Bindner, 2012). As the availability of thermal energy in
the exterior environment does not always coincide in time with the interior needs for thermal
loads, the present study focuses on the ability of building envelope to store amounts of heat,
which are then released to the indoor environment with a time delay depending on the type of
construction. This significant period of time can postpone energy demands for heating and
cooling and result in a relocation of thermal needs, in a suitable way for the smart system. In
such way, building stock based on a smart design and appropriate technical characteristics of
individual building envelopes can contribute to the flexibility potential of the city’s energy
network, without forcing urban users to reduce energy consumption when it is mostly needed.
Building stock has a great deal to offer to flexibility, as it contains a large amount of
unexploited mass. Such volume could temporarily “accommodate” smaller amounts of thermal
energy, contributing in this way to an indirect load shifting. According to (Heller, et al., 2014),
flexibility can be accomplished separated from the electricity-only-based solutions. Such
solutions combine the electricity with the heat demand using electrical heating and cooling or
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heat pumps, which are able to significantly contribute to the balance of the energy flow within
the grid. The proper utilization of the stored energy within buildings’ thermal mass could
successfully shift the electricity demand from peak load hours towards less “demand-intensive”
periods.
Consequently, a wider application of this method into an urban-scale system, could lead to
significant aggregated heat capacities to be utilized for thermal energy storage (Meibom, et al.,
2013). According to (Halvgaard, et al., 2011), the available thermal capacities of a building
with heat pumps contribute to the shift of the energy demand to periods with lower electricity
prices. In conclusion, flexibility for heat demand is “hidden” in many other technologies with
thermal capacities, such as district heating networks and heat pumps. Nonetheless, the
exploitation of available thermal masses in building stock is an implication derived from a
plethora of relevant studies, and this is the main focus of the current project.

3.3.2. Previous work
Towards this approach of utilizing the building’s embedded thermal masses, (Armstrong, et
al., 2006) developed a reliable general model, which includes all the available thermal
capacities and can be applied autonomously for forecasting the wall, zone, as well as the whole
building’s thermal response. Moreover, (Abedin, et al., 2013) tried to simulate the transient
thermal energy storage of an existing building with a connected hot water tank using dynamic
models. The outcome of the simulation process presented that a 4-hour heat demand shift is
possible without significantly degrading the indoor thermal comfort. It is worth mentioning
that such demand shift is achievable only in buildings with high thermal mass.
According to (Heller, et al., 2014), the flexibility can be achieved not only with electricity-only
solutions, but also with electrical-thermal solutions, such as electrical heating/cooling and heat
pumps. It is also stated that the thermal masses of buildings provide a significant potential of
heat storage within the building envelope, which can accomplish a transient demand shifting.
Such shifting could reallocate the electricity demand towards less energy intensive hours assuming that electrical heating is used. However, in order to evaluate the impact of the thermal
mass utilization as a potentially flexible pattern, the thermal dynamics of the building
envelope’s behavior should be analytically simulated by a suitable tool. Moreover, since this
concept refers to an aggregated building stock, a typology is necessary to represent several
types of constructions. Considering that building’s operation constitutes a multi-parametric
process, stochastic models can manage the complicated input parameters, such as occupancy,
internal gains and thermal properties of the envelope’s components.
Retrofitting building thermal inertia as a short-term thermal energy storage is not a new
concept. In Stockholm (1982), eighty residences and office buildings were assessed with
respect to their heat deliveries from the district heating system (Österlind, 1982). The main
objective was to investigate the security of the heat supply for the end-users that were far away
from the DH plant, in case of a shortage. As stated in the report, heat deliveries were reduced
remotely by a control system. The magnitude and duration of this reduction was based on
assumed time constants for the buildings and a maximum accepted drop in indoor temperature
of 3 oC.
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Furthermore, another similar project took place during the winter of 2002–2003 in two Finnish
buildings with concrete structures and radiator heating systems (Kärkkäinen et al., 2003). The
test revealed that the heat load could be reduced by 20–25% during 2–3 h, causing a drop in
indoor temperature of up to 2 oC. These tests were performed under outdoor temperature
conditions of -10 oC.
What is more, a study with the aim of estimating the possible heat storage potential of different
building types was conducted in Gothenburg, Sweden (Ingvarson & Werner, 2008). Heat
deliveries to different buildings were reduced during periods of 24 h while the heat deliveries
and indoor temperatures were measured. Time constants for each building were calculated
based on these measurements. Wooden buildings reported time constants of 102 h, stone
buildings 155 h and tower blocks 218–330 h.
Again in Gothenburg during 2010 and 2011, another study was conducted aiming to evaluate
the magnitude of thermal energy storage capacity that can be utilized in residential buildings,
under the constraint of the decent indoor thermal environment (Kensby, et al., 2015). Only the
variation of the indoor temperature was the limit for the utilization of buildings as short-term
TES. This study, which is similar to the current project, examined the potential ability of five
old, differently constructed buildings (both light and heavy constructions) to operate as thermal
storage in a DH system. As stated in (Johansson & Wernstedt, 2010) report, a fixed time
constant does not accurately indicate the short-term potential of a building’s behavior as a
thermal storage,. In this regard, Kensby et. al introduces degree hours as a more suitable
measurement to assess this building’s potential, which derives from a combination of the fixed
time constant with a maximum allowed variation in the building’s indoor temperature. The
suitability of degree hours occurs from the fact that the time constant describes how fast the
building responds to an alteration of the heat supply, whereas the degree hour includes also the
magnitude of the heat stored in it. From the building perspective, the evaluated potential for
short-term TES was proved to be more significant in the examined buildings that were
characterized by higher thermal inertia (heavily constructed buildings).
Similarly to the current project, (Abedin, et al., 2013) presented an evaluation of domestic heat
demand shifting through short-term TES, using building models implemented in two different
simulation tools, IES-VE and TRNSYS. In that study, an existing dwelling is modeled as
reference building. Based on that another similar high-thermal-mass case model, with different
(heavier) wall construction, was also used for the simulations. It is worth mentioning that the
two simulation tools were used to evaluate the transient TES potential affecting both the heat
demand of the heating system and the domestic hot water. In the case of TRNSYS though, the
simulation process additionally includes a hot water tank with embedded heating elements.
With this hot water tank, according to Abedin’s conclusions, a 4-hour heat demand shift is
possible without significant side-effects in the indoor thermal environment. Last but not least,
a hot water tank combined with a highly-insulated and high thermal mass building could
maintain the indoor temperature at 18oC or higher from the peak period (6pm - 10pm) towards
off-peak period (12am – 7am) and therefore, lead to even longer demand shifting period.
In the current project, the flexibility potential, which can be achieved from the utilization of
building’s thermal mass, is evaluated using IDA ICE, a well-known and reliable building
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simulation tool. Imitating typical circumstances of a residential house, this project focused on
how fast the amount of the stored heat is absorbed by the available thermal mass, and how
slowly this amount is released back to the indoor environment. This indicates which is the time
period of the potential load shift as well as how effectively this load shift can be accomplished.

3.4. Building energy modelling
Generally, there is a plethora of developed methods that can assess a building’s performance
in terms of its energy demand. The most widespread modelling methods nowadays are the
energy simulation tools. Such tools simulate a building including both its fundamental parts
and operational elements in order to finally estimate the energy demand and consumption. For
instance, the simulation contains the assessment of the building envelope and its components,
HVAC system, infiltration, internal gains from occupants, lighting or other electrical
equipment etc. A simulation process does not always aim to determine the energy consumption
but it can also serve other objectives such as the evaluation of the daylight factor, CFD
representation, CO2 assessment and so forth. Widely used simulation tools are: IDA ICE, IESVE, TRNSYS, EnergyPlus, ESP-r, BSIM, ECOTECT, Energy 10 et cetera.

3.4.1. Thermal Modelling IDA ICE
According to P. R. Amstrong et al, a general model has to include the transient interaction of
zone temperature T with the rate of controlled heating and cooling (QHC) as well as the
responses to uncontrolled conditions, such as internal gains (QL&P ) and weather excitations
(figure 2) (Armstrong, et al., 2006).

Figure 2. General model description

Furthermore, it is essential to look into the physical process which describes the heat flow
inside a wall surface. In order to better understand this phenomenon, it is helpful to consider
the methods that are applied in specific models, which are consequently used in simulation
tools, so as to determine the heat balance, the storage capacity of a wall assembly and so on.
In IDA ICE, the model that describes the heat flow through the walls, is a finite differences
model of a multi-layer component. The heat balance of a wall assembly between the indoor
and outdoor thermal conditions is illustrated in the following figure.

Figure 3. Thermal model used from IDA ICE to calculate heat transfer
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This chain represents the serially connected thermal resistances and heat capacities of the multilayer wall component. Each cell stands for a different mass node and n is the number of the
material layers in the building component. Tpa and Tpb are the temperatures at both sides of the
wall. R and C symbolize thermal resistance and heat capacity respectively. Q refers to the heat
flux from one surface (a) to the other (b).
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Chapter 4

Validation of twin house model in IDA ICE

4.1. Model Description
As aforementioned, the model of the twin houses is implemented in IDA Ice. Initially, the
model was designed in AutoCAD, since it is compatible with IDA Ice and provides the
opportunity to visualize and modify the geometry of the building in detail. The plans of the
twin house model were acquired from previous reports that used the same building model. The
implemented model constitutes an exact visualization of the existing experimental twin house
located in Holzkirchen, Germany.

Figure 4. IDA-Ice twin house model

4.1.1. Geometry
As illustrated in the figure 4, the main entrance of the residence is located in the north side.
The south fenestration consists of one external door and two different-sized windows. The west
side contains two windows in the first floor and one bigger window in the attic, whereas the
east side has one window for each floor. A detailed description of each façade is presented in
figures below.
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North side

East side

South side

West side
Figure 5. Building facades as shown from north, east, south and west orientation

Moreover, the length of each side is 10 m, according to the given plans, and the height of the
construction from the ground is 6.10 m (excluding 3 m of cellar).

4.1.2. Thermal zones
The monitoring zones are located in the ground floor of the building. Overall, the twin house
model consists of 9 zones. One zone is assigned to the cellar and one to the attic. The ground
floor, which is the main body to be assessed, contains 7 zones, one for each independent room.
A detailed floor plan is presented in figure 6 below. The properties of each zone regarding the
heating/cooling system, the Air Handling Unit (AHU), infiltration, internal gains (from
occupants and lighting and electrical equipment), internal masses as well as the envelope
components are analyzed in the following chapters.
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Figure 6. Ground floor thermal zones in IDA Ice

4.1.3. Location and Climate
The houses are situated in a flat, unshaded location at Holzkirchen, Germany (near Munich).
The location of the implemented climate data, which is expressed in longitudinal and latitudinal
direction, together with the height above the sea level and the time zone. The specific
information refer to the respective one assigned under the “Location” tab in the main interface
of IDA ICE. The latitude of the buildings is 47.874 N, the longitude is 11.728 E. The elevation
above mean sea level (MSL) is 680m. Time of all data provided is in Central European Winter
Time i.e. (UTC/GMT +1). The buildings are not surrounded by any significantly high
buildings, thus, the examined model is considered as essentially unshaded, particularly on the
south. The location and description of the surrounding area is illustrated in the figure below.
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Figure 7. Location of twin houses in Holzkirchen, Germany

Moreover, in order o include the weather file in the IDA ICE simulations, the file has to be in a
compatible format. Such format contains seven columns with the following climate parameters:
1. Time
2. Dry-bulb temperature
3. Relative humidity
4. Wind direction
5. Wind speed
6. Direct solar radiation
7. Diffuse horizontal solar radiation

The climate profile used in the simulations was obtained from ASHRAE IWEC and the weather
file for Munich was imported in IDA-Ice, since Munich is the nearest available weather station.
The wind measurement height is 10 m and the elevation is equal to 529 m. However, for the
validation process the weather data used are those obtained from the weather station near the
twin houses (figure 3). The available data for the specific weather station refer from the 21st of
August until the 30th of September 2013. In this regards, the simulation made for the validation
process, includes only this period of time.
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4.1.4. Simulation parameters
As far as the simulation parameters are concerned, a dynamic simulation is selected in IDAICE for this project. Tolerance values, which determine the accuracy of the calculations is set
to 0.3 and 0.03 for periodicity. The maximal time step is equal to 1.5 hour and the maximum
number of periods, which controls how many times the first day of simulation is repeated
periodically in order to obtain the best feasible precision, is equal to 14. Moreover, the time
step for the output is 1 hour. These parameters are set accordingly, so that a combination of
accurate results and rational simulation time is accomplished.

4.1.5. Building envelope
The model in IDA Ice meets precisely the construction materials of the twin house building
envelope. Since, twin houses are considered as low-energy buildings, the wall assemblies
consist of contemporary wall elements, with high insulation ability (low overall U-value) and
sustainable behavior in terms of the exploitation of the thermal mass. The last one occurs from
the fact that the external walls are outside insulated, which provides the embedded thermal
mass with opportunity to absorb heat – when the indoor air temperature increases significantly
– and that is the examined contribution to flexibility. Indicatively, the external wall part of the
examined twin house model, which is outside insulated is depicted in the following figure.

Figure 8. External wall structure with insulation located in the outer part of the mass

In other words, the insulation layer prevents heat from being transferred towards the outside
wall part, where the ambient temperature is much lower, and “reflects” it back to the indoor
environment.

4.1.5.1. Construction materials
As far as the wall construction are concerned, the constructional property data has been
estimated by Fraunhofer IBP and the insulation thermal properties are those obtained from the
manufacturer. It is also worth mentioning that the thickness values correspond to the real scale
measurements presented in (Strachan, et al., 2014) report. The materials used for the external
wall construction together with their thermal properties, are described in the table below. As
far as the fenestration of the twin house building is concerned
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Table 1. External walls’ construction materials and their thermal properties

Orientation

North

South

South
(wall part
under the
window)

East

West
(north wall
part)

West
(south part)

Layer

Thickness

Exterior Plaster
Insulation PU
Former exterior plaster
Honeycomb brick
Interior plaster
Exterior Plaster
Insulation PU
Former exterior plaster
Honeycomb brick
Interior plaster
Exterior Plaster
Insulation PU
Former exterior plaster
Honeycomb brick
Interior plaster
Exterior Plaster
Insulation PU
Former exterior plaster
Honeycomb brick
Interior plaster
Exterior Plaster
Mineral wool
Former ext plaster
Honeycomb brick
Interior plaster
Exterior Plaster
Insulation EPS
Former ext plaster
Honeycomb brick
Interior plaster

(m)
0,01
0,12
0,03
0,3
0,01
0,01
0,12
0,03
0,3
0,01
0,01
0,12
0,03
0,2
0,01
0,01
0,12
0,03
0,3
0,01
0,01
0,08
0,03
0,3
0,01
0,01
0,08
0,03
0,3
0,01

Thermal
conductivity
(W/mK)
0,8
0,035
1,0
0,22
1,0
0,8
0,035
1,0
0,22
1,0
0,8
0,035
1,0
0,22
1,0
0,8
0,022
1,0
0,22
1,0
0,8
0,036
1,0
0,22
1,0
0,8
0,04
1,0
0,22
1,0

Density

Specific heat

(kg/m3)
1200
80
1200
800
1200
1200
80
1200
800
1200
1200
80
1200
800
1200
1200
80
1200
800
1200
1200
80
1200
800
1200
1200
80
1200
800
1200

(J/kgK)
1000
840
1000
1000
1000
1000
840
1000
1000
1000
1000
840
1000
1000
1000
1000
840
1000
1000
1000
1000
840
1000
1000
1000
1000
840
1000
1000
1000

The aforementioned construction details, refer mostly to the ground floor, which attracts the
main focus of the simulation process. It is also noteworthy that the west façade is divided in
the exact middle into two similar wall parts with different embedded insulation materials. As
presented in the table above, the north wall assembly contains mineral wool as insulation
material, whereas the south part includes a layer of EPS.
The internal walls are of the same construction materials. However, there are two types of
internal walls that differ in terms of the thickness of their thermal mass (honeycomb brick). In
detail, the exact description of the internal walls including their thermal properties, are
illustrated in the following table.
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Table 2. Internal walls’ construction materials and their thermal properties

Internal
wall 1
Internal
wall 2

Material

Thickness

Internal plaster
Honeycomb brick
Internal plaster
Internal plaster
Honeycomb brick
Internal plaster

(m)
0,01
0,24
0,01
0,01
0,115
0,01

Thermal
conductivity
(W/mK)
0,35
0,331
0,35
0,35
0,331
0,35

Density

Specific heat

(kg/m3)
1200
1000
1200
1200
1000
1200

(J/kgK)
1000
1000
1000
1000
1000
1000

4.1.5.2. Fenestration
The main entrance, which faces the north, constitutes of an external doors as described in the
table below. The south façade of the building, also includes an external door, which is,
however, considered as a window opening.
Table 3. Thermal properties of the internal/external doors

Opening

External
door
Internal
door

Material

Thickness

Wood
Wood with small glass
window
Single glazing window

Density

Specific heat

(m)
0,04

Thermal
conductivity
(W/mK)
0,131

(kg/m3)
600

(J/kgK)
1000

0,04

0,131

600

1000

0,004

1,0

2500

750

All the examined zones contain at least one window, apart from the corridor, and they are all
considered as exposed to solar radiation. The glazing properties of the windows are identical
for all building’s windows. More specifically, each double glazing window consists of the
following layers:




Interpane Clear float 4mm
Gas fill 16mm (90% argon)
Interpane Iplus E 4mm inner pane

The overall U-value assigned to all windows of the twin house model, according to EN ISO
10077-1, is equal to 1.2 W/m2K. The glass and frame U-value are 1.1 and 1.0 W/m2K
respectively. Some additional properties were implemented in the IDA ice model, as presented
in the following table.
Table 4. Glazing thermal properties

Thermal property
Solar heat gain coefficient
Solar transmittance
Visible transmittance
Internal emissivity
External emissivity
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Value
0,497
0,427
0,671
0,837
0,837
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What is more, the outer part of the window openings are covered with external roller blinds.
The roller blinds used in the twin house models are illustrated in the figure 9 below. In the
validation case, roller blinds were drawn on the kitchen and north bedroom windows and attic.
The external blinds located in the other rooms were up during the whole simulation period.

Figure 9. Roller blinds - Inner and outer surface

Last but not least, thermal bridges are also included in the simulation model. Such losses
originate from junctions, where the insulation material is not continuous, and are proved to
influence significantly the thermal performance of the building envelope. The calculated values
for each examined zone are presented in the following table.
Table 5. Loss factor for thermal bridges

Loss factor (W/oC)
4.0691
1.5154
1.3516
1.4817
0.8445
0
0.4475

Zone
Living room
Master bedroom
Kid room
Kitchen
Bathroom
Corridor
Entrance

4.1.6. Internal Gains
This validation test merely focuses on the validation of the accuracy of the simulation software
used (IDA-Ice) with respect to heat balance calculation. In other words, this model does not
correspond to realistic operational conditions of a residential building, but it represents a test
building case which physically tested. In this regard, no internal gains were considered in the
simulations. In particular, heat sources such as lighting, electrical equipment and occupancy
are excluded in this simulation. However, IDA-Ice software simulates the operative
temperature only if there is occupancy in the examined zone. In this regard, one occupant is
assigned for each zone with negligible heat gains for the indoor environment (the activity level
is set to 1.2 but the occupancy schedule is “never present”).
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4.1.7. Ventilation
The ventilation used for the needs of the experiment is a mechanical ventilation system. Natural
ventilation is not feasible, since windows are considered as closed continuously during the
simulation period. The air flow rate from the central air duct into the living room is set at
nominal 60 m3/h. Both supply and exhaust points are situated on the ceiling. What is more, the
air volume is distributed equally to both exhaust ducts (30 m3/h at each extract point), which
was accomplished with the use of a Rotating Vane Anemometer before measurements were
conducted. The exact points of supply and exhaust as well as the doors kept sealed during the
measurements are depicted in the following figure.

Figure 10. Ground floor plan with ventilation details

4.1.8. Heating and cooling system
The current simulation model does not include any mechanical cooling, since the focus is
monopolized from the thermal behavior of the building with respect to its heating demand.
Heating is accomplished with simple electric heaters (radiators). The experimental house
additionally contains underfloor heating, which is deactivated during the full-scalemeasurements. Therefore, the main heating system is electric radiators.
The indoor temperature is controlled by on/off operative temperature set-points in the
examined zones (ground floor). The validation test includes a simple heating control of
constant temperature set-point during the 10 days of the simulation period. The set-point
scheduling contains constant temperature of 30 oC in living room, corridor, kid room and
bathroom, while the north rooms, the attic and the cellar has temperature set to 22 oC.
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4.2. Validation – Comparison with full-scale measurements
First and foremost, it is important to examine whether the simulation model developed in IDAIce, addresses the overall behavior of the building in a realistic way. To accomplish such matter,
a validation process is conducted. Validation, in general, is a process, which determines if the
model derived from the simulation is a reasonably accurate representation of the real building
(Martin, 2006). In other words, the outcome of the simulation process is initially tested in order
to examine if it matches with the real scale measurements in a satisfactory level. It is worth
mentioning that, since a simulation model constitutes a simplified real model, validation cannot
lead to a perfect matching (Kleijnen, 1995). Yet, the expected accuracy of the examined model
normally depends on the objectives of the current project.

4.2.1. Statistical methods for model validation
There is a plethora approaches used in order to validate simulation models. In the current
project, a preferable way to validate the examined model is the graphical representation. In
such case, the results from both simulation and real-scale measurements are presented
graphically in the same figures in order to be compared and further analyzed (paragraph 4.3.).
Additionally, after the first validation test, a more calculative approach follows. According to
(Reddy, 1997) three are the most reliable indicators to declare if the models’ results are within
the acceptable limitations:
 Coefficient of Determination (R2),
 Mean absolute error (MAE) and
 Coefficient of variance of the root-mean-square error (CV-RMSE).
R2 factor can be interpreted as the fraction of the variation in the dependent variable Y about
its mean value and it has a maximum value of 1. For instance, a value of 0.8 would indicate
that the model is able to explain 80% of the variation in Y about its mean value, whereas, 20%
of the variation in Y would be unexplained (Reddy, 1997). To calculate this indicator the
following formula is used:
∑𝒏𝒊(𝒚𝒔𝒊𝒎,𝒊 −𝒚𝒎𝒆𝒂𝒔,𝒊 )𝟐
𝑹 = 𝒏
𝟐
∑𝒊 (𝒚𝒔𝒊𝒎,𝒊 − 𝒚
̅̅̅̅̅̅
𝒔𝒊𝒎 )
𝟐

(3.1)

where,
𝑦𝑠𝑖𝑚,𝑖 is the simulated temperature
𝑦𝑚𝑒𝑎𝑠,𝑖 is the measured temperature
𝑦𝑠𝑖𝑚 is the mean simulated temperature.
̅̅̅̅̅̅
As far as the Mean Absolute Value is concerned, it is mostly used as a simple calculation
method. It refers to the deviation between the two types of temperature – simulated versus
measured. The equation used is:
𝑴𝑨𝑬 (%) =

(𝒚𝒔𝒊𝒎 −𝒚𝒎𝒆𝒂𝒔 )
× 𝟏𝟎𝟎
𝒚𝒎𝒆𝒂𝒔
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CV(RMSE) factor, is a non-dimensional measure, which is expressed as a percentage and it
basically indicates the accuracy that the model represents the data. The lower the CV(RMSE)
value is, the better the model will be. The equation used for the calculation of CV(RMSE) is:
𝑪𝑽(𝑹𝑴𝑺𝑬) = √

∑𝒏𝒊(𝒚𝒔𝒊𝒎,𝒊 − 𝒚𝒎𝒆𝒂𝒔,𝒊 ) 𝟐
𝟏
×
̅̅̅̅̅̅̅̅
𝒏−𝒑
𝒚𝒎𝒆𝒂𝒔

(3.3)

where,
̅̅̅̅̅̅̅
𝑦
𝑚𝑒𝑎𝑠 is the mean measured temperature,
n is the number of observations and
p is the number of parameters.
In the current project, from the three validation indicators that are presented above, CV(RMSE)
and MAE are estimated in order to evaluate the accuracy of the implemented simulation model.

4.2.2. Real weather data
The available real-scale data are, primarily, the measured weather data, acquired on site - from
the local weather station - for the period 21/8/2013 to 31/8/2013. Site wind speed is measured
at the standard 10 m above the ground. The weather data is collected at 1 minute intervals and
it is provided as 10 minute and hourly averages, and it includes values for outdoor temperature,
relative humidity, wind as well as solar radiation. The weather file, which is used from IDA
ICE software, is an excel file modified as space delimited text (.prn) file and has a specific
structure as previously introduced.
Moreover, full-scale measurements have been conducted to determine the indoor temperatures
for each examined zone, surface temperatures as well as the heat input for each selected zone
of the twin house model.

4.3. Results
The results of the simulation process address the first initialization period with the constant
temperature set-points. The first period is from 21-08-2013 to 30-08-2013. Indicatively, the
simulated air temperature for each examined zone is compared graphically will the
corresponding air temperature measured. It could be more precise if the operative temperature
was examined instead. Yet, since there is no occupancy included in the simulations, and the
indoor thermal comfort is not evaluated in this process, validation method is conducted based
on the mean air temperature.
The examined twin house building presents similar behavior in all monitored zones apart from
the attic and the cellar zone, which were also not included in the full-scale measurements. The
focus, however, is attracted from three rooms of the twin house model (living room, children
room and bathroom), which are examined and compared, in terms of their mean air
temperature, as described in the following figures. These rooms are the most critical and
represent the indoor thermal environment of the whole examined building.
To begin with, the living room constitutes an important area of the model to take into account,
since solar gains – entering from the openings of the room – significantly affect the overall
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performance of the room. It is worth mentioning that the windows are located in both south
and west side of the zone. This fact indicates longer sun exposure of the zone during the day
and consequently more significant solar impact. The mean air temperature values of the room,
for the first simulated period are depicted in the following figure.

Mean air-temperature (MAT) living room - (21/08-30/08)
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Figure 11. Mean air temperature in the living room for the simulated period

As illustrated in the chart above, the pattern of the mean air temperature values seem to
coincide, which indicates that the simulated zone constitutes an indicative illustration of the
real thermal conditions of living room. Furthermore, it is observed that during the midday,
some peak values are observed due to the increased incoming solar radiation. These peaks vary
correspondingly with the available incoming solar radiation. However, there are some
mismatches between the simulated and the measured data during small time-periods. For
instance, during day 5 and 6, where the solar radiation is not that significant, there is a slight
fluctuation in the measured data, fact which is not reflected also in the simulation results.
During the whole examined period, though, a systematic deviation between the two curves is
observed, despite the similarity in the dynamics. In general, the curve derived from the
simulation process appears to be smoother with less intense fluctuations during the whole
simulated period. This systematic deviation, nonetheless, possibly originates from the weather
file used in the simulation because it is noticed in all monitored zones.
In order to have a better understanding of the thermal behavior of each examined room, a daily
analysis of the mean air temperatures is also necessary. The next figure illustrates the mean air
temperature in the living room the third simulation day (22/08).
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Mean air temperature - Daily analysis (22-8-2013) - living
room
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Figure 12. Mean air temperature in living room for 22-08-2013 (daily)

In the daily analysis figure, which is depicted above, it is obvious that the solar radiation impact
is significant for both measured and simulated temperatures, fact which is not observed for the
whole simulation period. The effect of the solar radiation on the thermal environment of the
living room is also described from figure 13, where the heat balance of the simulated room is
illustrated for the corresponding day. Considering the large openings of the living room, in
combination with open external blinds, the electric heaters are in a way replaced by solar heat
gains in order to maintain the indoor air temperature to 30 oC. It is also worth mentioning that
there are windows with two orientations (south and west), fact which reinforces the solar
impact during the day.
W
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Figure 13. Heat balance - living room - daily analysis (22/08/2013)
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In order to more thoroughly evaluate the thermal balance of each examined zone, IDA Ice
software depicts the outcome of the simulation process as shown in the following figure. The
positive values correspond to the heat gains of the zone, whereas the negative values represent
the heat losses. All parameters, which participate in the thermal equilibrium of the zone are
included in this figure. More specifically, heat from air flows (red curve) refers to all air flows
such as mechanical ventilation, infiltration as well as flows from other zones. Heat from the
walls and floors (light blue curve) takes into account conductive heat through the structure
including heat storage, net transmission and any internal heat source such as floor heating.
Additionally, heat from solar (yellow curve), corresponds to the sunlight entering through
windows or open doors, minus the corresponding exiting shortwave radiation (absorbed and
then retransmitted radiation is not included). Heat from heating and/or cooling room units
(orange curve) represents the controlled heating/cooling system of the examined zone, such as
ideal heaters or electric heaters, which are used in the current case. What is more, the heat from
windows and openings (blue curve), describes heat from window surfaces, including both
conducted and retransmitted absorbed solar radiation. It is worth mentioning that the incoming
solar radiation affects the zone’s conditions in two ways:
 as directly transmitted (short wave) radiation, which is repeatedly reflected at surfaces
but is ultimately absorbed by these, and
 as heat which is first absorbed in the window pane/blind and then reaches the room
through convection and radiation.
Last but not least, the heat from thermal bridges (purple curve) contains the heat losses due to
the thermal bridges in wall connections, wall-to-window connections etc. It is also observed
that, as previously mentioned, internal gains from occupants, lighting and other electric
equipment are eliminated for the current simulation process.
Apart from the living room, two more zones are presented in this evaluation including
bathroom and the small bedroom (kid room). These zones constitute the most representative
samples and they are evaluated below. For instance, living room is the most solar intensive
room of the twin house model, the small bedroom is a west oriented room and the bathroom
combines its east orientation with an air outlet.
The bathroom’s mean air temperature for the first 10 days of simulation is illustrated in the
following figure.
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Mean Air temperature (MAT) - bathroom - (21/08-30/08)
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Figure 14. Mean air temperature for the bathroom

As it is observed (figure 14), both simulation data and these derived from the real-scale
measurements, fluctuate significantly during the simulation period. The temperature values are
similar during the whole period and their difference ranges up to 0.6 oC. Moreover, considering
the dynamics of the two curves it is obvious that, as an east oriented zone, the solar impact does
not appear very effective in the simulation results in addition to the measured values that seem
more clearly influenced from the solar radiation.
As presented in figure 15, which depicts the daily mean air temperature of the bathroom during
22/08, the values are close, comparing the simulated with the measured ones. The two curves
do coincide significantly in terms of their dynamic behavior. They also present a slight
inclination during the period of time with the highest solar impact.
In the following figure (figure 16), where the heat balance is presented, it is obvious that the
solar radiation influences the heat equilibrium of the examined zone. When during the day the
sunlight is significant, the heat supply from radiators is minimized. Afterwards, when the solar
impact decreases, the electric radiator resumes its operation in order to maintain the
temperature levels equal to the given set point (30oC). Observing the figure, the solar radiation,
which peaks in the early hours of the daytime, indicates the orientation of the room (east). It
can be also pointed out that there is no mechanical cooling included in the simulation model.
This can occur from the fact that the mean air temperature exceeds its set points under certain
solar impact.
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Mean air temperature - Daily analysis (22/08/2013) bathroom
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Figure 15. . Mean air temperature in the bathroom for 22-08-2013 (daily)
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Figure 16. Heat balance - bathroom - daily analysis (22/08/2013)
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As far as the small bedroom is concerned, the outcome of the simulation does not differ
compared to the other two aforementioned zones. The simulated data match dynamically with
the measured in terms of the mean air temperature. Similarly, the absolute values present some
deviations during the day time. However, the differences are not very important considering
that the highest temperature difference is approximately 0.45 oC.
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Figure 17. Mean air temperature for the kid room

Additionally, even in the daily analysis, the curves show completely irrelevant behavior with
each other.
Regarding the heat balance of the small bedroom (kid room), it can be observed that the
operation of the radiator is constantly on before the time that the sunlight enters the room. In
addition to the east-oriented bathroom, in the case of the south-oriented kid’s room, the solar
radiation peaks duration is clearly longer compared to the bathroom zone, which is east
oriented..
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Mean Air Temperature (MAT) - Daily analysis
(22/08/2013) - kid room
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Figure 18. Mean air temperature in the kid room for 22/08/2013 (daily)
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Figure 19. Heat balance – kid room - daily analysis (22/08/2013)

34

24
5614

Chapter 4: Validation of twin house model in IDA ICE

For the evaluated zones mentioned above, the proposed statistical methods were applied. Thus,
the two different parameters were calculated for each examined zone.
Four categories can characterize the precision of the model, according to (Reddy, 1997)
proposal for the CV(RMSE) and MAE values. These are:
 Excellent: CV(RMSE) ≤ 5%
 Good: CV(RMSE) ≤ 10%
 Mediocre: CV(RMSE) ≤ 20%
 Poor: CV(RMSE) ≥ 20%.
The calculated results are presented in the table below:
Table 6. Statistical parameters for model validation

Parameter
CV(RMSE) (%)
MAE (%)

Living room
0.65
2.46

Kid room
.0.15
5.98

Bathroom
0.7
1.45

It can be concluded from the outcome of the statistical calculations that the simulation results
are within the acceptable limits compared to the measurements conducted in the twin house
model. Actually, based on the statistical parameters the model could be considered as excellent
since almost all values are below 5%. There is though, one MAE value for the kid room which
exceeds 5%. It is still characterized as good representation overall.
Furthermore, the statistical validation agrees with the graphical data comparison. Both
parameters show that there is a significant numerical match between the two evaluations.
However, it should be stated that the sample of values is small, as these calculations refer to a
10 days sample with hourly measured/simulated data. The conclusions would be stronger in
case the available data were based on measurements and simulation conducted for at least one
year.
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Chapter 5

Evaluation of flexibility potential with IDA Ice

As described in previous chapter, there is potential storage capacities in buildings’ thermal
mass that can be utilized and contribute to a more flexible demand management. The growing
issue, though, is that how this utilization can be so effective that it could indirectly reduce the
peaks during load intensive periods. In order to be able to answer such question, it is important
to examine what time shifting potential this technology could provide to the system. In this
direction, this chapter deals with the practical exploitation of the thermal mass. Based on the
twin house model, which is implemented in IDA ICE and validated with real-scale
measurements, the effectiveness of the embedded thermal mass is assessed by several
simulations conducted using a parameter variation method.
As aforementioned, this evaluation of flexibility potential with short term thermal energy
storage consists of three scenarios.
o Scenario 1: proof of concept
o Scenario 2: test of the calculation method
o Scenario 3: evaluation of flexibility potential
Firstly, the first parameter variation refers to the construction of the twin house model. Heavy
and light weight constructions are implemented into the twin house model, simulated with IDA
ICE and then compared with respect to their thermal behavior. In other words, the parameter
that is used as a variable is the assigned material, which constitutes the internal and external
walls of the model. The main characteristic that determines the effectiveness of the material
used as mass is the specific heat capacity.
More specifically, concrete was used as the mass for the heavy weight and wood was used in
the case of the light weight wall construction. Thermal properties, wall thicknesses and other
characteristics are described in detail below, in the relevant paragraph. However, it should be
mentioned at this point, that the combination of the mass and the insulation conclude, in both
cases (heavy and light), into wall constructions with equal U-value. Since the comparison
should only consider the available thermal mass, thermal losses should be similar in the two
contrasting cases, and this is accomplished with the equal U-value for the implemented wall
assemblies.
The second parameter variation includes a differentiation of the number of wall layers of the
simulated model. More specifically, since the thermal model of IDA ICE is based on finite
differences of a multi-layer component, it is important to examine the way and the accuracy
that the specific simulation tool considers the heat flux from the wall layers. This parameter
variation originates from the hypothesis that more nodal temperatures conclude to a more
“precise” assessment of the wall’s thermal behavior. From this test, it is essential to gain an
overview of how the actual assessment and calculation of the heat transfer through the wall
components is made and illustrated in IDA ICE.
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The third parameter variation is based on a more realistic and practical utilization of the term
flexibility potential. Basically, the differentiated parameter is the availability of the preheating
period. The concept of preheating scheduling is a simple methodology for assessing the
flexibility potential of the examined model. As aforementioned in chapter 3 (theoretical
background), there are several patterns to evaluate the potential of short-term thermal energy
storage in buildings. The current project investigates this potential for the existing twin house
model by applying the preheating scheduling method in the implemented IDA ICE model.
This “smart” solution is applicable mainly in buildings with significant utilizable thermal mass
embedded in their masonry. Specifically, it describes a situation, in which the thermal zones of
the examined model are preheated during an off-peak-period in order to provide the wall mass
with heat. As a result, when these zones are in need for heat, during peak load hours, the already
loaded thermal mass will gradually release the absorbed amount of heat back to the indoor
environment. This would indicate shifting bulk of the heat demand to off-peak hours, while
spreading the remaining demand over an extended demand shift period resulting in flattening
the heating load curve.
The possibility to accomplish a load shift based on a short term TES, should be quantified from
such parameter variation, giving an overview of the duration of the load shift from a certain
preheating process. This question is directly linked with the main objective of the current
project, which actually is called to answer how fast the exploitable thermal mass absorbs heat
supplied from the internal sources (ie. heating system and solar gains), and how slowly this
committed thermal energy is, therefore, emitted back to the indoor environment. In this regard,
the three available preheating periods examined are 1, 3 and 6 hours.

5.1. Model description
The examined case is based on the previously validated twin house model, since the
comparison of the simulation results with the real scale measurements proved, overall, that the
IDA ICE model represents precisely the thermal behavior of the existing building case.
Therefore, most of the characteristics of the model have remain unchanged. A default model
was created in IDA ICE based on which all simulations with the parameter variations took
place.

5.1.1. Thermal zones
The design of the twin house model is the same as illustrated in the figure below. There are
seven zones examined, which are all located in the ground floor of the building, one for each
independent room. Additionally, there are two zones assigned to cellar and attic respectively.
However, due to lack of information concerning the construction and the heating system of
these two zones, they are regarded as adjacent zones and their effect is not taken into
consideration in the simulation process.
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Figure 20. Floor plan of the twin house model

5.1.2. Location and climate
Regarding the location and the climate data, the relevant file used is ASHRAE IWEC weather
file for Munich, since it is the nearest weather station to Holzkirchen with available official
ASHRAE weather data. Apart from the weather file, the position information are different
compared to the validated model. Latitude and longitude are equal to 48.13o and 11.7o
respectively, and the elevation level is 529 m. Last but not least, the wind measurement height
is 10 m.
Since the project evaluates the thermal performance of the examined building based on its heat
demand, it is logical to focus on the winter season, where demand for heating is high. In this
regard the figure below illustrates the dry-bulb temperature for January and February of 2013,
which is the actual simulation period, as generated from IDA ICE.
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Figure 21. Dry-bulb temperature for the simulation period according to ASHRAE IWEC weather file for Munich

5.1.3. Simulation parameters
Regarding the simulation parameters, a dynamic simulation is selected in IDA ICE.
Tolerance values, which determine the accuracy of the calculations are set to 0.03 and 0.01 for
periodicity. The maximal time step is equal to 1.5 hour, the maximum number of periods, which
controls how many times the first day of simulation is repeated periodically in order to obtain
the best feasible precision is 15. The time step for the output is 1 hour. The simulation period
is January and February of 2013, which represents the worst case scenario for the heat demand
of the twin house model.

5.1.4. Internal gains
Given the fact that this project focuses on the thermal behavior of the building, the internal
gains are not considered in the simulation process. More specifically, occupancy with all the
relevant parameters, such as metabolic rate, clothing rate etc. as well as electric equipment and
lighting gains are not included in the simulation. The only heat gains that affect the indoor
environment originate from the selected heating system and the solar radiation.

5.1.5. Fenestration, infiltration, thermal bridges and ventilation
As aforementioned, the model used for the evaluation of the flexibility potential is based on
the validated twin house model. Therefore, most of the building components remain unchanged
compared to the validated model. More specifically, all openings such as windows and doors,
are identical to those implemented in the initial twin house model for the validation process.
All thermal characteristics and dimensions of doors and windows are kept the same in this
model. However, the external blinds of the ground floor rooms are constantly open during the
whole simulation period.
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The infiltration rate is set as fixed and equal to 0.08 ach and the thermal bridges are, also, same
as described in the previous chapter. The ventilation system, last nut not least, is a CAV system
with constant air flows, which are mentioned in chapter 4.

5.2. Parameter variation
The parameter variation process includes three scenarios, as mentioned above, the proof of
concept, the test of the calculation method and the evaluation of the flexibility potential. Each
scenario is characterized by different variations, whilst all other parameters remain constant in
order to maintain comparable conditions for the model.

5.2.1. Scenario 1 – proof of concept
Based on the twin house model described above, the question to be answered is whether a
heavy or light building construction is more effective in terms of its thermal performance and
therefore, its flexibility potential. In other words, it is examined how significant the embedded
thermal mass in the building envelope can be for the potential short-term thermal energy
storage (TES).
The several materials with their corresponding thicknesses, as implemented in the model for
both heavy and light wall construction, are described in the following figure.

Figure 22. Light weight (left) and heavy weight (right) wall construction

Moreover, their thermal properties are presented in the tables below.
Table 7. Thermal properties of heavy weight wall construction

Layer

Thickness (m)

Thermal
conductivity
(W/mK)

Density (kg/m3)

Specific heat
(J/kgK)

Internal plaster

0.01

0.35

1200

1000

Concrete

0.3

1.7

2300

1050

Insulation

0.11

0.022

80

840

External plaster

0.01

0.35

1200

1000
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Table 8. Thermal properties of light weight wall construction

Thickness (m)

Layer

Density (kg/m3)

Thermal
conductivity
(W/mK)

Specific heat
(J/kgK)

Internal plaster

0.01

0.35

1200

1000

Wood

0.15

0.14

500

2300

Insulation

0.091

0.022

80

840

External plaster

0.01

0.35

1200

1000

In order to be able to compare these two wall constructions with respect to their heat storage
ability, the thermal losses should be identical in both cases. In this regard, U-values of the two
wall assemblies are approximately equal. More specifically, the calculated U-values are 0.1856
[W2/mK] and 0.1852 [W2/mK] for heavy and light wall construction respectively and the
corresponding thicknesses are 0.43 m and 0.261 m.
In order to assess the load and unload of the thermal mass with heat supplied from the
implemented heating system. The current heating system used is similar to the one used for the
validation process and consists of electric heaters. The schedule, according to which the heating
system operates, follows a free float pattern. More specifically, within a day of winter season,
when the heat demand is significant, the temperature set point is initially set to constant 25 oC.

Daily free-float schedule - scenario 1
Temperature set point [deg-C]
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Time [hours]
Figure 23. Free float IDA ICE schedule for thermal mass assessment for scenario 1

5.2.2. Scenario 2 – Test of the calculation method
The second scenario is characterized by a simple parameter variation in terms of the heat
transfer through the wall assembly. Based on the fact that heavy wall construction is more
effective for the heat capacitance of the building envelope, the heavy weight model is examined
in this scenario. All the simulation parameters as well as both the structural and the operational
features of the twin house model are identical with the heavy weight construction model, which
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is described in the previous paragraph. The only parameter altered is the layers that are used to
illustrate the thermal mass inside the wall assembly. Thus, three cases are examined with
respect to the number of the layers of concrete assigned as the wall’s thermal mass. From the
thickness of the external wall, which is equal to 0.43 m in total, 0.02 m refer to layers of plaster
used in the outer surfaces of the wall, 0.11 m correspond to the insulation layer, while the
remaining 0.30 m contain the concrete layer (figure 24, a).

Figure 24. Wall construction illustrating the mass with multiple layers

This type of wall is implemented in IDA ICE twin house model only for theoretical purposes,
since, practically, it does not represent any modern wall assembly used in typical building
constructions.
This wall type is used as input in the simulation process as one, three and ten separate layers.
More specifically, the three distinct simulation models occur, which have external walls with:
a. one layer of 0.30 m,
b. three layers of 0.10 m and
c. ten layers of 0.03 m.
As aforementioned in the theoretical background chapter (3.4.1), IDA ICE uses a specific
calculation method in order to determine the heat flow through the wall components. According
to this method, each wall element is represented as a thermal node with several thermal
characteristics such as thermal resistance, heat capacitance and surface temperature difference.
Therefore, assigning more layers to the examined masonry should increase the nodal
temperatures that “represent” the existing thermal mass. Consequently, this simple pattern aims
to investigate if the existing default calculation method, which IDA ICE software uses in the
simulation process, has room for improvement in terms of the precision of its thermal model.

5.2.3. Scenario 3 – Evaluation of the flexibility potential
The third scenario concerns the evaluation of the flexibility potential constitutes the most
essential and neuralgic part of the whole project. Once again, the heavy weight construction is
selected as the optimal wall construction, which can have a significant contribution to the
examined short-term thermal energy storage. The parameter variation of this examined case
involves three available preheating periods, during which the monitored zones are preheated in
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order to load the utilizable thermal mass with heat. These three preheating periods are one,
three and six hours.
What is more, building operational parameters, such as infiltration, implemented heating
system, thermal bridges, windows and external blind scheduling and internal gains from
occupants, lighting and other electric equipment are not altered in this scenario. Construction
parameters such as floor and ceiling components, windows and glazing properties etc. also
remain unchanged and they are described thoroughly in the validation chapter.
However, there are some parameters that are different in this scenario compared to the
previously described simulation models. Firstly, the chosen air handling unit is a VAV
ventilation system control accordingly with the temperature set point. This fact indicates that
the air flow inside the zones is no more controlled from a constant air volume system, but a
VAV ventilation system adjusts the airflow rate with respect to the desired temperature set
point. This ventilation system operates only when the zone air temperature outreaches 25 oC in
order to prevent overheating, since it is responsible for maintaining the indoor temperature
below 25 oC. Therefore, it is not a constraint, since it does not coincide with the operation
heating system, nor affects the thermal behavior of the wall.
Secondly, this scenario refers to realistic indoor conditions. In this regard, the indoor
temperature should be maintained within the acceptable thermal comfort levels, as proposed
from the European standards EN 15251. According to this standard, for an A-class residential
building the indoor air temperature should fluctuate from 21 oC to 25 oC. Therefore, the twin
house model has to ensure that the parameter variation will evaluate the potential short-term
thermal storage of the thermal mass and in the same time preserve the thermal comfort of the
indoor environment within the A-class limitations. Therefore, an improved temperature set
point scheduling is implemented for the electric radiators.

Daily schedule with preheating periods - scenario 3
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Figure 25. Daily IDA ICE schedule for three seperate preheating periods
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The simulation period for this scenario is similar to the selected period in the previous
scenarios. More specifically, days within the winter season are selected to simulate the twin
house model. The specific days were chosen with respect to the ongoing weather conditions.
For instance, in order to accomplish a proper evaluation of the flexibility potential, it is crucial
to examine the model under relatively low dry-bulb temperature circumstances combined with
insignificant solar radiation impact. Under such weather conditions it is feasible to evaluate
both the effectiveness of the heating system and the reaction of the building’s thermal mass
with the least possible effects derived from solar radiation.
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In this chapter, all appropriate results are presented and analyzed, after all scenarios’ models
were implemented in IDA ICE and simulated according to the aforementioned case
descriptions. The collected results presented below are the most clear and indicative data of the
examined model’s performance.
Two representative zones of the twin house model are the living room and children’s room.
These are selected due to several reasons. Firstly, it is possible to compare the solar impact in
the indoor thermal environment, since the openings (window-to-wall ratio) in these two zones
are different. The orientation is a critical parameter too, since living room receives solar
radiation from both south and west sides, whereas the children’s room solar gains come only
from the south. This fact indicates that the living room will be exposed more significantly to
solar radiation during the daytime. Moreover, the implemented ventilation system combined
with the heating system (electric heaters), majorly in the third scenario, is worth observing
since their operation coincide in order to preserve the indoor temperature within the acceptable
levels.
It should be pointed out that the main focus of this analysis is concentrated on the thermal
performance of the twin house model, which is basically declared by the indoor air temperature.
Moreover, the flexibility potential that occurs from the perceivable short-term thermal energy
storage, is not indicated directly from the energy demand, but it is expressed in time dependent
temperature differences. This is established on the main objective of this report, which is how
to implement a smart solution for managing and equally distributing the building’s (thermal)
energy demand and not by reducing it. In other words, the requested scope of this project is to
optimize the building’s energy performance itself from a peak load shifting instead of
decreasing the aggregated daily heat demand.

6.1. Scenario 1
In this scenario analysis, the children’s room is presented in the simulation results, as the most
representative zone, since all zones behave similarly. It should also be stated that all relevant
figures for the mean air temperature are generated straightly from IDA ICE.
First and foremost, the mean air temperature is illustrated in the figure below for a whole week,
contrasting the heavy and the light weight construction.
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Figure 26. Weekly mean air temperature in children’s room for heavy (blue) and light (red) wall construction

To begin with, the temperature “agrees” in a way the implemented set point schedule for the
heating system. As illustrated in the figure above, the temperature curve follows the same
pattern and it is obvious that the lightly constructed model decreases more rapidly during the
free float. It should be pointed out that three days of the week (Monday Tuesday and
Wednesday) the light construction zone air temperature drops below 21 oC, whereas the heavy
wall construction remains above 21.5 oC under same circumstances. Additionally, observing
the range, within which the zone air temperature fluctuates during the week, it can be noted
that the heavy weight wall construction provides the indoor thermal environment with more
stabilized thermal conditions compared to the light weight construction model.
In more detail, the mean air temperature in children’s room, as well as the inner surface
temperature of two representative walls, one external with east orientation and one internal
shared wall with living room with west orientation, as shown in figure 27, are illustrated in the
following graphs.
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Figure 27. Children's room west internal wall (left) and east external wall (right)

As depicted in the figure below, the period, during which the thermal mass is indirectly loaded
with heat and the temperature is kept at 25 oC, stops at 18:00 and then the free float takes place
until the end of the day. Observing the two curves, it is clear that after the zone air temperature
begins to decay, the decrease tendency in the light construction is higher compared to the heavy
weight case. Indicatively, in the light weight case the zone temperature reaches the bottom limit
of 21 oC at 23:00, considering that the twin house model belongs to A-class in terms of its
thermal comfort. Whereas, the heavily constructed model maintains its temperature levels
above 21.5 oC during the whole day.

Figure 28. Daily analysis of children’s room mean air temperature for heavy (blue) and light (red) wall construction

Furthermore, considering the time from 18:00 - when the free float begins - to the moment that
the zone air temperature reaches 22 oC, the difference between two curves is noteworthy. From
a time perspective, thee model with light weight wall construction reaches that reference
temperature after 2.5 hours, whereas the heavily constructed model prolongs the corresponding
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temperature drop to more than 4 hours. Given the fact that the U-value is approximately equal
in both simulated models, the only parameter that differentiates the results of the simulation
process is the effectiveness of the thermal mass embedded in the masonry. Therefore, heavy
weight wall construction clearly presents a more substantial contribution to the desired
flexibility potential that is investigated in the current project.

Figure 29. Daily analysis of inner surface temperature of two representative heavy (blue) and light (red) construction
walls in children’s room

After 18:00, when the operation of the electric heaters stops, the decay of the inside surface
temperature, differs significantly. The inside surface temperature decreases more rapidly in the
light weight wall for both internal and external wall, which corresponds to less embedded
thermal mass. This fact indicates that, in the case of heavy wall, during the period without heat
supply (18:00 - 24:00) from the heating system, the internal surface maintains its temperature
in higher levels, compared to the other construction. This can be attributed to the thermal mass
of the wall and its larger heat capacity, since the U-values of each wall construction are similar.
Thus, it is clearly indicated that the wall with more thermal mass is characterized by higher
heat capacity within the envelope, enhancing in this way, the building's passive behavior.
Observing the inside surface temperatures of the walls, it can be concluded that the light weight
wall cannot maintain the surface temperature after the free float since it cannot facilitate
significant amounts of heat within its thermal mass. This fact is observed in both the internal
and the external walls. On the other hand, the heavy weight wall construction, presents a
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narrower fluctuation without letting the surface temperature drop below 23 oC in both internal
and external wall. What is also interesting is the fact that only the surface temperature of the
internal walls reaches 25 oC. This fact indicates that even after 18 hours of heating the external
walls cannot reach the indoor temperature.
The figure below illustrates the heat balance of children’s room zone, which refers to the effect
of the walls and floors to the indoor thermal environment. Negative values express the heat
losses while the positive values correspond to the actual heat gains from the walls and floor
assigned to the examined zone. As it can be observed, when the heating system is switched off
(18:00), the walls begin to release the captured heat back to the zone. The overall amount of
heat gained from the lightly constructed model is calculated to be 779.7 W whereas the
respective value for heavy weight model is 848.5 W. Thus, the difference of the heat returned
during the nighttime from the walls is approximately 69 W for the date presented. Aggregating
the heat demand minus the corresponding heat gains from the stored thermal energy for January
and February the calculated difference is 8.78 kW. In other words, comparing the two types of
construction, the heavy weight model saves 5.14% of heat. Excluding the heat losses, the total
amount of heat gains during the free floats of simulated period is 43.5kW for the heavy weight
and 39.7kW for the light weight.

heat (W)

Heat balance in children's room [7-1-2013]
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Figure 30. Heat balance referred to walls and floors in the children's room

As a result, the possibility of the external walls to be able to contribute to the short-term thermal
energy storage is less compared to the internal walls. In other words, it seems that the internal
walls can provide a larger flexibility potential than the external walls, even when the last are
well-insulated.

6.2. Scenario 2
This investigation was carried out in order to practically test the thermal model that IDA ICE
uses for the calculations of the heat transfer through the wall components. However, the
software does not provide the user with the opportunity to monitor nodal temperatures inside
the wall materials. Thus, this parameter variation of scenario 2 aims to discover whether there
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is any significant difference when the assessment of the heat flow through the wall contains
more than one layer of the same material. Since the simulation tool recognizes only surface
temperatures, the division of the concrete layer into three and ten thinner layers respectively,
indirectly simulates the surface temperatures of the divided thinner layers as the desired nodal
temperatures of the initial layer.
In this scenario the living room zone was preferred to present the simulation results. The
simulation process was conducted for January and February of 2013. However, since during
all the simulated period the results were similar, the day (11-02-2013) was chosen randomly.
As it can be observed in the following figure 31 with the mean air temperature of the living
room during the simulated day, there are no differences in the temperature of the three models.
It could be stated at this point, that this outcome was expected, since this parameter variation
does not really affect the indoor air temperature.

Figure 31. Mean air temperature in the living room for the parameter variation of the 2 nd scenario

As far as the inside surface temperature of the living room is concerned, indicatively, the south
external wall is presented in the figure below, at the 1st of January. The internal walls were not
included in the parameter variation, therefore, only external walls were examined. Observing
the following figure 32 with the surface temperature, it can be pointed out that there is a small
inclination between the three compared cases. More specifically, after 19:00 of the simulated
day, a slight difference is observed. The blue curve corresponding to the case with the one layer
is presented to decrease a bit more rapidly compared to the other two cases.
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Such differences were noticed in several days of the simulated period, not only during the free
float hours but also in the beginning of the day. However, the differences are extremely small
that could be considered as negligible.
Considering this scenario, it could be concluded that the thermal behavior of the wall assembly
is not differentiated significantly from the conducted parameter variation. Yet, the fact that
there is a slight inclination between the simulated results of the three cases, indicates that the
accuracy of the IDA ICE calculation method with respect to the heat transfer through the
building envelope could be improved.

Figure 32. Inner surface temperature for the south external wall in the living room for the 2nd scenario

6.3. Scenario 3
The third scenario is presented through the living room zone of the twin house model. The rest
of the simulated zones are presented in the exported report from IDA ICE in the Appendix X.
Firstly, the zone air temperature in the living room is presented for the three different preheating
periods (figure 33). The date 6-01-2013 was selected due to the minor solar radiation that the
examined zone receives during that specific day.
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Figure 33. Mean air temperature in the living room for the three preheating periods - scenario 3

As it can be observed in the figure above, preheated models begin from the same temperature
and reach 25 oC according to the implemented set point schedule. The reference model (black
curve) refers to similar scheduling without preheating session. The evaluation of the flexibility
potential is “hidden” in the specific period of time when the zone begins to recover from the
preheating session (11:00). After this checkpoint the zone air temperatures corresponding to
each case, start to decrease with a slightly different slope. The first hour of the recovery
(controlled float), a significant amount of heat is rapidly lost from the examined indoor
environment. At 12:00 the reduction tendencies change in the two cases of 3 and 6 hour
preheating.
Considering 21.5 oC as a reference point, the three curves (of preheating) present an interesting
and significant difference. The model reaches the reference point (21.5 oC) at approximately
13:30 when is only 1 hour preheated, whereas the same point is reached at 15:30 when the
examined model is preheated for 6 hours. This fact indicates that the already loaded thermal
mass provides the indoor environment with heat for two hours more, when it is 5 hours
additionally preheated. These period of two hours indicates the flexibility potential that a heavy
weight wall construction can accomplish, since it can be translated to a two hours load shift
with respect to the buildings heat demand.
Furthermore, the difference is significant also comparing the model when it is 1 hour and 3
hour preheated respectively. Observing the figure above, the reference temperature is reached
from the model at 15:00. Considering that 6 hours of preheating constitutes an inflexible
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schedule to be applied in realistic conditions, 3 hours of preheating can provide a load shift of
1.5 hours.
Comparing the preheating-schedule models with the reference model the following table
occurs, presenting the quantified flexibility potential for each preheating case.
Table 9. Flexibility potential for the corresponding preheating hours

Preheating period

0 hours

1 hours

3 hours

6 hours

Load shift potential

0

1.5

3 hours

3.5 hours

The effect of the available and utilizable thermal mass is also indicated in the following figures
which describe the heat balance of the examined zone.

Figure 34. Heat balance in the living room for the 1 hour preheating schedule

As described in these three graphs (34, 35 and 36), which illustrate the heat equilibrium of the
examined zone, the aqua curve refers to the thermal energy that is either absorbed or released
from the walls. The positive values indicate the contribution of the wall masses to the indoor
thermal environment. Comparing these three cases, it can be observed that the contribution of
the heat emitted from the wall’s thermal masses is more significant in the model with the 6
hours preheating schedule. What is more, combining the mean air temperature graph with the
corresponding heat balance figure, it can be noted that after 12:00, the slopes from the
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temperature decay change (figure 33), while simultaneously, the transmission from wall’s heat
absorption to heat emission is depicted in the heat balance figures.

Figure 35. Heat balance in the living room for the 3 hours preheating schedule

Figure 36. Heat balance in the living room for the 6 hours preheating schedule
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Furthermore, observing the last hours of the day, the 6 hours preheated model seems that it still
has a significant amount of absorbed heat into its thermal mass. In the other two models (3
hours and 1 hour preheated models), the respective amount of heat is lower. The corresponding
heat needed to cover this difference in the end of the simulated day, is supplied from the electric
radiators.
Apart from the thermal behavior of the twin house model’s masses, this third scenario analysis
includes a scheduling pattern, so that this flexibility potential will be applicable in realistic
conditions. In this regard, the aforementioned simulated date is also examined in terms of the
thermal comfort in the living room.

Figure 37. Operative temperature inside the living room with respect to the indoor thermal comfort – 1h preheating
schedule

Figure 38. Operative temperature inside the living room with respect to the indoor thermal comfort – 3h preheating
schedule
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Figure 39. Operative temperature inside the living room with respect to the indoor thermal comfort – 6h preheating
schedule

As it is illustrated in the figures above, the proposed preheating scheduling, which is described
in this scenario, is applicable without reducing the thermal comfort levels. Under appropriate
conditions, this short-term thermal energy storage, which is accomplished with a certain
preheating load combined with an utilizable thermal mass embedded in the masonry, could
lead to a significant flexibility potential without affecting the perceivable indoor thermal
comfort.
The range within which, the zone air temperature can fluctuate without affecting significantly
the thermal comfort, plays an important role to the flexibility potential. For instance, if the air
temperature could reach set points above 25 oC for short period of time within a day, the amount
of heat absorbed from the walls would be bigger.

58

Chapter 7: Discussion – Conclusions

Chapter 7

Discussion – Conclusions

The flexibility potential, which is examined in this report, can be proved as an effective and
efficient solution to address the issue of peak loads. It is a low cost pattern, since it does not
introduce the implementation of new storage capacities such as hot water tanks or heat pumps,
but it actually utilizes the already existing thermal capacities in buildings’ masses. Nonetheless,
an effective and efficient heating system is required in order to be able to load the available
thermal masses with patterns such as the simple preheating scheduling. The main objective of
this report is firstly, to verify the flexibility potential of a building with significant thermal mass
embedded in its wall construction, and therefore attempt to quantify this potential with respect
to the preheating schedule.
Regarding the validation process, it can be concluded that based on the compared data the
simulated model can be considered as a decent illustration of the existing twin house model.
Both the graphical representation and validation parameters agree that the thermal behavior of
the twin house is accurately illustrated in the simulation model. However, in the graphical
comparison, a systematic deviation is observed, which probably derives from an error in the
implementation of the weather data in a compatible with IDA ICE file. This error regards the
direct solar radiation used in the simulation. This fact justifies the repetitive zone air
temperature differences during the day time.
The first scenario presents the proof of concept part, where the heavy and light weight
construction are compared under free float conditions in terms of their effective thermal
behavior. As it occurs from the analyzed results, overall, constructions with higher thermal
inertia are clearly a more effective solution to be implemented as a means of short-term thermal
energy storage. This outcome derives from several facts noticed in the results occurred from
scenario 1 simulations.
 As an overview, heavy weight construction contributes to an overall balance in the indoor
thermal environment with smaller zone air temperature deviations, than the light weight
construction, due to the fact that it is characterized by higher thermal inertia.
 From the comparison of the inside surface temperatures for both internal and external walls
examined, heavy weight construction model can facilitates a larger amount of heat within
its available thermal mass, maintaining the minimum zone air temperature higher than the
light weight model.
 The internal walls seem to have a more significant contribution to the flexibility potential
of the building compared to the external walls. Despite the fact that the external wall
contains thicker layers of thermal masses, the internal wall is expected to have more
significant contribution on the flexibility potential, since its inside surface temperature
reaches the zone air temperature faster. This fact indicates that the thermal mass embedded
in the internal wall is loaded much quicker than the corresponding mass inside the external
wall.
 According to heat balance comparison heavy weight model presents a savings potential
equal to approximately 5% of the total heat, compared to the light weight.
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As a general overview, it could be stated that simulation tools such as IDA ICE are mostly used
for the assessment and optimization of the energy performance of the implemented building
models. For this reason, the focus of such tools remains on how to precisely evaluate and
minimize possible heat or energy losses in general, in order to mitigate the overall energy
demand. This project, on the other hand, does not aim on the direct energy efficiency with
respect to the total energy demand, but it proposes a “smart solution” for how to manage
properly the already existing demand by utilizing the already existing thermal capacities. Since
IDA ICE is a kind of software that is not commonly used for “experimental” or “theoretically
based” simulations, the thermal model used for the heat transfer calculation is focused on the
thermal losses derived from the corresponding surface temperature difference.
Analyzing the results from the second scenario, it can be pointed out that the parameter
variation conducted cannot prove that this interference in the wall layers affects significantly
the final simulation outcome. However, these small inclinations presented in the inner surface
temperatures, indicate that the specific assessment on the thermal performance of the wall
components could be improved by using a more dynamic thermal calculation model. In this
dynamic model, the thermal behavior of the wall components can be described not only from
surface temperature values, but also with representative nodal temperatures inside each
implemented material. By that means, thermal characteristics of the materials used in the
masonry, such as heat capacity and thermal resistance, would more accurately contribute to the
calculation of the heat transfer.
The third scenario includes the estimation of the flexibility potential with respect to three
different preheating schedules.
 Compared to the reference model without preheating, all three cases present a significant
flexibility potential from 1.5 hours to 3.5 hours.
 As a conclusion the 3h preheating schedule is proved as the most effective pattern of all
examined three. This schedule combines a decent load shift potential with an applicable
preheating time period.
 Although the 6hour preheated model presents the longest potential (3.5 hours), it is not
easy to apply a six hour preheating session. If the preheating period could correspond to
low-electricity-cost hours, a six hours period would not be a flexible case, considering that
the electricity prices fluctuate intensively during the day. Yet, 6 hour could be useful to be
applied during the night time.
 A preheating schedule can contribute to a model with significant load shift potential,
within the small temperature difference limitations set by thermal comfort conditions. If
these limitations were wider, the flexibility potential would be respectively longer.
 Last but not least, the flexibility potential pattern does not influence negatively the indoor
thermal comfort.
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7.1. Future investigation
The simulation tool used does not provided the user with the opportunity to investigate in depth
the examined thermal mass, when it is heated up. In other words, it is not possible to evaluate
the heat penetration into the thermal mass of the walls. A proposal for further investigation
would be the use of a more relevant and dynamic simulation tool, such as HEAT 2 and
COMSOL, which can deal more precisely with such thermodynamic assessment.
Additionally, it would be interesting if other implemented patterns could be investigated with
respect to the flexibility potential. For instance, other effective systems could be examined such
as TABS (thermal active building systems) and the implementation of phase change materials
instead of conventional masonry materials in the building models’ construction.
It is essential to apply the preheating pattern in a number of buildings, in order to accomplish
an effective load shift. The methodology followed in this project could be implemented for
several building typologies in order to evaluate the flexibility potential in an aggregated level.
Based on this potential the methodology would then be applied in a smart city scale. For
instance, implementing building data from databases such as TABULA, into several simulation
models would provide a clearer overview of the amount of energy that can be stored within a
district, and how effective the flexibility potential could be in such case.
Furthermore, the preheating scheduling examined in this report could be associated with a
model predictive control system. Giving a financial perspective to the flexibility potential
would be a very challenging and useful subject. Such combination would have a significant
contribution to the minimization of the buildings operational cost as well as to the peak load
shaving. Therefore, this would constitute an interesting subject for further investigation.
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Appendix 1

The current project lead to the participation in one scientific article and one poster, which are
presented below.
The article named “Change in design targets for building energy towards smart cities”, from
Heller et al (2014), was presented in the 3rd International Workshop on Design in Civil and
Environmental Engineering.
The scientific poster entitled “Approach to aggregation of building energy demand and
building typology to be applied to smart cities”, from Gianniou P and Katsigiannis E., was
presented in the CITIES Inaugural General Consortium Meeting.
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Abstract: Designing cities from an overall energy optimization system point of view demands changes in
engineering procedures. Traditionally the design was driven independently between the involved domains and
energy system components. By modelling the whole energy system in one, it is expected that there are exposed
solutions where synergy effects arise that unleash extra saving potentials. Based on the insight gained by the
simulations, IT intelligence and cross-component communication are to be invented to control the components
and thereby to optimize the total system performance. One main strategy in doing so is to move demands from
high demand periods to low demand periods and thereby avoid “peak” demands. This is called “flexibility”
within the terminology of “smart grids”. In early solutions the search was for energy capacities within the
domain of the electrical grid, hence car batteries were seen as relevant solutions for providing flexibility.
However, it seems that the demand is too large for electricity-only solutions. A next search for flexibility is
aimed at finding electricity-thermal energy solutions such as electrical heating and cooling, heat pumps and
cooling technologies that can help to stabilize the el-grid. To acquire even higher potentials, thermal system
components are studied these days upon their flexibility potentials, such as heating and cooling of whole
building structures. Thereby the question arises, how much “flexibility” is there in relation to the thermal
capacities of buildings that enable shifting energy demand for heating and cooling over periods of hours? While
the availability of these capacities is a topic of current research, the consequences for building design are
obvious. While we in the past could focus on energy optimization, we now have to design our buildings to its
context, offering flexibility to the surrounding energy system. No final answers are given due to the fact that this
is the edge of current research in this field, while a first concept draft is presented here.
Keywords: Building design, flexibility, thermal capacity, energy optimization, city design.

Introduction

In a future net this will not be possible due to the fact
that neighbouring countries are expected to have
similar climatic conditions and thereby will produce
renewable energy in the same pattern as Denmark.
Hence new more robust solutions are to be found.
Obvious, additional potentials for stabilizing the
electrical grid are large grids such as the gas grid and
district heating and utilizing the energy demanding
industries. Also the very large mass of the building
stock could play a major role if the mass is available
for storage. This is the case if the mass is available
for control but is absent in case of e.g. light
constructions and interior insulated buildings.
Research is ongoing to reveal the utilizable capacity
of buildings. In the current work, the question
discussed is, how future buildings could be designed
to meet the demand for flexibility by the overall
energy grids and smart cities. The reader will not find
the answer, but rather a proposal for a methodology
that in later work will be applied for the answering of
questions about available and controllable thermal
mass in building and the resulting flexibility available
for the smart grid. Similar issues will be the kernel of
an upcoming study [2].

In traditional energy systems, the production side was
adjusted to meet the fluctuating demands by different
means. The future energy system is characterized by
a very large or even 100% penetration of renewable
energy sources that replace the rather stabile
production side with a massively fluctuating
alternative. Hence both the production and the
demand side of the energy system will be fluctuating.
In a first attempt the electrical distribution system
was strengthened to tackle the challenge of
stabilizing the overall system, the “smart grid”.
Recently, this idea of tackling the challenge within
the electrical grid only, is replaced by a more multi
stringed system design that includes gas-grids,
district heating and cooling as well as the buildings
into the solution.
In Denmark the penetration of renewable electricity
from wind farms can be up to 100% for a few days
per year. It covers in some areas over half of the
production, while on a national scale share is
approximately 33% [1]. All this is possible due to the
fact that the national net is connected to other
countries nets and thereby the capacities are shared.
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The Expected Fluctuations

Limitations of current city level model

Given the conditions of a future el-grid with a large
share of renewable energy sources for production, a
balancing of the whole system is critical. The demand
for electricity compared to the wind production for a
few days in December 2012 for the Danish electrical
grid in Jutland, Denmark, where renewable energy
from wind mills can be dominating, is shown in
Figure 1.

Searching research literature for city energy
modelling will reveal that the basic idea behind such
efforts was to simulate each building individually and
sum up to the aggregated level of a city or a district.
This approach enables the modelling of any buildings
in accordance to the knowledge available, adjusted to
the given case. This makes it possible to automate the
parameter specification on the basis of e.g. national
building databases. Theoretically this approach is
very precise; however the lack of detailed
information does limit the precision of this procedure.
To move from the individual building to the city, in
many cases there are applied simple sums [3] [4],
where in other publications weighting factors were
applied that reflect e.g. the gross area of the building
or the Energy Use Intensity (EUI) [5] discussed
below in the current paper.
The limitation of computing each building
individually is that the simulation of many buildings
takes a lot of computer time. To solve this problem
simplified building models are applied that are not
able to capture the dynamics necessary to find
flexibilities in the building masses and additional
storage capacities. Therefore an alternative approach
is necessary to analyse solutions to the peak shifting
problem. There is a need for simplified building
models that reproduce the dynamics relevant to
flexibility estimations realistically.

Figure 1 Demand and wind production for Jutland,
Denmark for 2012. Source: [1]
A simple prediction for the corresponding curve for
2050 is shown in Figure 2.

Building modelling for the smart city
Before going into details with the discussion of
building energy simulation models, the aim of doing
so must be defined. Existing models are designed for
historical and actual building technologies. For future
buildings the details of design are unknown. Hence
the models can be designed rather abstract, catching
just the relevant characteristics of the future buildings
for scenario modelling, analysis and such. This opens
for the implementation of computationally efficient
models. In the current paper, we will build on
existing modelling methodologies and just mention
what future developments could be realised.
The paper will propose a methodology to find the
flexibility which buildings can offer to the
surrounding energy system. More precisely, the
challenge is to find how much of the thermal
capacities can be utilized in the demand shifting
within buildings? The methodology is basically
defined by the following steps:
1. Decide on a typology for the city buildings
2. Model each type by a dynamic simulation
program (e.g. Energy Plus, IDA ICE)
3. Eventually apply stochastic distribution on
each type

Figure 2 Demand and wind production for Denmark
for 2050. Source: [1]
The above figures give an idea of the magnitude of
the fluctuation and thereby the demand for balancing.
The current paper reflects on whether building can be
part of a stabilizing solution.
This is done by modelling the buildings within the
energy grids and computing relevant scenarios.
Hence the modelling of energy demand for whole
cities and more precise building stocks in cities is the
focus of the current work.
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4.

Represent all buildings in the city by the
types computed, and aggregate the results
(e.g. flexibility) by different means
discussed below.

the thermal installation levels are defined according
to the local traditions. [7]
Buildinglessons.com is a UK web site presenting
domestic, educational and other building types, all in
all 22 building types. The buildings are described in
IES<VE> models that describe the buildings in detail
and enable standardized simulations. In case of
applying other simulation software, this may be a
weakness and a standardized description in one of the
Building Information Models would be preferable.
The U.S. Department of Energy (DOE) has
developed an online resource that defines 16 types of
commercial and 5 types of residential buildings
covering approximately 70% of the US building
stock. [8] The DOE typology also defines
“Technology descriptions” for e.g. lighting, heating
and so on.
From these building types various methodologies are
proposed that employ weighting factors to give a
representative value for the energy demand of the
building types. Within the technical report of NREL,
[9], the combination of buildings and locations is
proposed for assembling the climatic and
geographical effects in each building. The national
data from the Commercial Buildings Energy
Consumption Survey, [10], can be applied to
determine the appropriate, average mix of
representative buildings.
Other typologies that basically combine the
mentioned methodologies can be found for
non-residential buildings in [5] for the London area,
[11] for the Keihanshin metropolitan area in Japan
and [12] and Swan and Ugursal, [13], which proposes
an archetype typology.

The advantage, compared to the individual modelling,
is the ability to model a large number of buildings by
just computing representative types and thereby very
fast computations. The drawback is the uncertainties
that the method introduces. However, other stochastic
uncertainties, such as building context and user
behaviour, are in similar magnitude and we must
accept these uncertainties and find solutions to them
by stochastic means.
In the below text, the different steps are described
and discussed to define a methodology that can be
analysed in future work.

Step 1 – Typology
You find different terms for what we call here
“typology”, such as archetypes and classes, which are
a classification of buildings into alike types with
respect to certain criterions.
The goal for finding the current typology is to
classify the building stock systematically into types
that represent many similar buildings in cities. Due to
lack of knowledge on flexibility, which we aim at in a
future work, we will here build on typologies that
aimed at energy demand issues.
We did not find a comprehensive typology that is
covering all buildings. The authors did often focus on
a special subset of buildings such as residential
buildings, offices and so on. Here is a short
presentation of the findings from literature:
The European Union proposes a typology for
residential building based on Eurostat data, with the
three types covering 70% of the building stock in the
included countries: (a) Single-family houses
(including two-family houses and terrace houses), (b)
Multi-family houses with more than 2 units and (c)
High-rise buildings with more than 8 floors. In this
typology, Europe is divided into three climate zones
according to the degree days for heating and cooling.
The methodology leads to 53 building types. [6]
Another approach is implemented for a few European
countries in the web tool Tabula. The typology is
country dependent which can be discussed to be
arbitrary or methodologically significant. Within the
given country the age of the building (construction
traditions) and a clustering into the same types as in
the previous source added a fourth type (d) Terraced
houses, leads to a matrix of building types for each
country. On top of this, there are defined three levels
of maintenance/renovation, (i) the original (ii) a
“usual refurbishment level” and (iii) an “advanced
refurbishment level”. The technical installations and

Step 2 – Dynamic simulation
The above mentioned typologies are often defined
with respect to energy demand on a yearly basis. The
computation of these energy demands can be done in
many ways spreading from simple lookup algorithms
to advanced dynamic simulations and even involve
Computational Fluid Dynamics (CFD) computations.
In the Tabula web tool, every country applies its own
methodology, tool or computer simulation program.
In BuildingLessons, the simulation program
IES<VE> is utilized. For UK typologies a
standardized methodology is defined in the NCM
activity database on www.ncm.bre.co.uk. Here there
are 29 building types with a classification of 505
room types, specifications for user profiles,
temperature set points, ventilation rates and much
more that aim at standardizing the simulation
conditions rather than to standardize the model tool.
As the aim for the mentioned simulations is the
energy demand on an annual basis, for the current
purpose of estimating flexibility, a building energy
simulation program must be found that represents the
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𝑛𝑛

thermal dynamics of building constructions. There
seem to be traditions
to
apply finite
difference/volume models or thermal response
models [14]. Due to the fact that the latter represent
heat conduction by wave representations, e.g. Fourier
models, the understanding of the basics is much more
close to the human understanding. Hence such
models can also be applied for abstract modelling of
systems that are theoretically designed to have certain
behaviour – e.g. you will model building
constructions with slow or fast heat exchange at the
surfaces (e.g. thermo-active elements). The first will
have a very slow wave representation of the heat
conduction, as the latter has a fast wave model
applied. The drawback of this approach is that you
cannot plot the temperature curves within a given
construction and thereby it is difficult to see how the
heat is conducted and absorbed.

𝐹𝐹 = � 𝑓𝑓
𝑖𝑖=1

where F is the flexibility for the whole city or
population of buildings, f are the individual flexibility
simulated for a given building/-type, i is a counter
and n is the number of buildings/-type.
The second aggregation model adds a weight to the
individual buildings which especially make sense if
you apply it to building types.
𝑛𝑛

𝐹𝐹 = � 𝑤𝑤𝑖𝑖 𝑓𝑓
𝑖𝑖=1

where a weighting factor, wi, is given to the
individual building/-type.
As we find, the aggregations are very simple and
often no stochastic variability is applied. However the
two approaches can be combined and are combined
in above mentioned work.
No model is found that represents dynamic energy
consumption and an aggregation from few buildings
to a large number of buildings.

Step 3 – Stochastic distribution
The basic idea in this step is to represent the
variability over buildings performance due to
uncertainty in input parameters such as thermal
properties of building fabric and also variation in user
behaviour.
The two tools SunTool [15] and SimCity [16] have
implemented such models, accounting for user
behaviour.
There are basically two ways to implement this
stochasticity, a) to use distributions on the individual
parameters in the model, or b) to coat the final
building results by a distribution model. The first will
give the possibility to use different distribution
models for many aspects to be modelled. The latter
however is rather simple and fast. The idea could be
to model the building types of a given topology,
determine the variability and use stochastic models to
catch the stochastic aspects of among other things,
users’ behaviour and building context (shading,
heights, etc.).

Building Modelling for the Smart Energy
City
What role do buildings play? It gets rather clear that
the peaks are placed in the mornings and the evenings
where Danish citizens are at home and do washing,
cooking and such everyday tasks that demand
electrical energy supply. Hence it can be argued that
almost the whole peak load is related to building
performances.
In more detail, the demands in buildings can be split
into demand for heating, cooling, ventilation, hot
water, light and electricity for appliances, whereas the
first can be supplied by thermal sources directly and
will not have impact on the electrical demand peak.
Let us assume that we have a system that also
supplies thermal services by electricity, which is the
case for many buildings outside the district heating
networks of Denmark. What will be the possibility
for flexibility and how can we estimate it?
For this purpose the building models have to simulate
the dynamic behaviour of the building, the thermal
capacities of the constructions, the storage tanks and
other thermal capacities within the building. Many
simulation models utilized for energy demand
computations will not be able to reproduce these
thermal capacities due to simplifications as
mentioned before.

Step 4– Aggregation
The aggregation is the step where one computes the
impact of many buildings to a city level energy result.
In literature you find very simple aggregation models
for energy demands for building clusters. These
models can be applied to flexibility aggregation also.
Many authors do not model the demand but rather
base the energy demand on statistical data and
distribute them to the buildings on basis of e.g.
Energy Use Intensity (EUI) expressed per square
meter floor area. [5] and [11].
An alternative method is a simple sum of the given
key performance indicator [16]:
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Designing for the Smart Energy City
In this section the methodology proposed in this
paper is summarized.
1. Find an appropriate typology for your urban
area
2. Compute average energy flexibilities (the
methodology is still to be defined)
3. Find appropriate stochastic models for
observed variations from the average.
4. Add the overall flexibility for the whole
urban area at hand.
Moreover there must be found a City Information
Model that enables a description of cities in a
comprehensive manner. This must be addressed in the
future work.
It must be remembered that flexibility can be
delivered by other technologies than building thermal
masses, tank storage and the like. There are capacities
in district heating and cooling networks that can be
used to generate flexibility, and there are
electro-thermal solutions such as heat pumps.
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Approach to Aggregation of Building Energy Demand and Building Typology to be
applied to Smart Cities
The concept of Smart Cities
Over the half of the global population is now living in urban settlements.
Homo sapiens became homo urbanus (Grimond, 2007). In Europe the
corresponding percentage is approximately 80 %.(ref) Forecasts indicate
that urban areas will rapidly increase in the future, while the energy
demand in cities will triple by 2050 and it would be impossible for the
existing infrastructures to provide such demand. (McDonald, 2008). A
drastic measure against such trend is “smart cities”, which holistically
includes all aspects of an entire urban system.

 Energy Efficiency
 Smart Energy Networks
 Local integration of renewables
 Meta-regional integration of
renewable energy

Smart Cities

Figure 1. Smart Cities Characteristics
Source: Per S. Nielsen, 2012

Emphasis on building stock
Nowadays, buildings represent the largest sector in the EU in terms of final energy consumption, with a 40% share of the total European energy requirements.
For this reason, building stock can play a significant role to the stabilization of the whole energy system. Moreover, buildings provide one of the largest costeffective opportunities for energy savings. At the same time, the improvement of their energy efficiency can significantly contribute to lower GHG emissions as
a part of climate change mitigation strategies, which are top priorities in almost all European governmental agendas.


Do buildings have any potential
contribution to mitigate the
fluctuation of energy demand
considerably and in which way?


Why residential buildings
specifically?

Buildings within an urban area constitute complicated structures able not only to consume but also to store /generate
energy. The utilization of structural and operational components, such as embedded in building envelope thermal masses
and smart scheduling for cooling/heating respectively, could significantly contribute to system’s flexibility. Therefore,
buildings are expected to have a key role in the future energy networks.
It was decided to emphasize on the residential stock, since it counts for 75% of the European buildings’ floor area.

Aggregation
One main prerequisite towards the optimization of Smart Cities’ energy performance, is the determination of their energy demand. Although significant
effort has been placed on the calculation of individual buildings’ energy demand, new ways have to be investigated that treat large numbers of buildings
as clusters or entities and estimate their energy demand as a whole.

 Numerical methods
How building
energy demand
can be
determined at
aggregated level:
 Statistical models
streets,
neighborhoods or

Urban
Simulation
whole cities.
Tools
 Archetype modeling

• Simplest calculation of summing all energy demands up
• Weighting factors
𝑁
𝐸=

𝐸𝑈𝐼 𝑖 𝑊𝐹 𝑖
𝑖=1

, where i is the building or building type

 Proposed weighting factors: share of floor area with respect to the total floor area
Regression models for short-term heat load forecasting
Parallel processing of individual building energy simulations, while considering the neighboring
buildings in terms of shading, wind blockage etc.
E.g. Umi, CitySim
• building typologies and databases
• creation of representative example buildings for every category/type and use these for
aggregating energy demands instead of using thousands of buildings in cities.

 Building typologies serve the need for a wider and more macroscopic assessment of building stocks. The current necessity to evaluate the behavior of
several building types in order to determine whether and to what extend they can contribute to more flexible energy demand.
Primarily
Building typologies relies on
parameters such as:

Secondarily

 Energy performance
 Use of building
 Age of construction

 Existing ventilation and heating/cooling systems
 Existing Energy systems
 Renovation and potential energy retrofitting

Flexibility
Building stocks may have a significant contribution to a grid’s flexibility. Thermal mass integrated in buildings constitutes a means of storing a significant amount of
heat. Several building elements could contribute to such way of heat storage and the amount of heat collected depends on the heat capacity of each one of them
(“smart” materials integrated in the building envelope, hot water tanks, appliances etc.). For instance, in the case of an outside-insulated building envelope, a
material with a satisfactory specific heat capacity (J/K) implemented in the wall assembly, could postpone heating or cooling for a significant period of time without
affecting the indoor thermal comfort of the building. Thus, if the building is excess pre-heated/cooled within the comfort range of the room temperature prior to a
shutdown of heating/cooling it is possible to prolong the shutdown period. This phenomenon acts as an indirect load shift for the grid and could be proven
considerably effective for the mitigation of peak loads in energy demands.

Validation

Perspective of the project
 The main results of the study will be applied to future buildings
according to realistic predictions upon their performance.

The above-mentioned aggregation and classification ways are to be
implemented on a real case of a small city in Denmark.
CITIES Inaugural General Consortium Meeting
26th – 27th May 2014 at DTU, Lyngby Campus, Denmark
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