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Abstract

Analysing the Energy-flow of a Residential Building
utilizing a Combined Heat and Power Unit (CHP)
considering economical Appeal

This master’s thesis provides an overview of a more efficient, future-oriented
living concept in Dornbirn, Austria. The use of a combined heat and power unit
(CHP), in combination with a thermal storage, as a heating system is specif-
ically investigated. In order to make this heating system more attractive for
the consumer, the sale of the generated electricity from the CHP is considered.
The more efficient use of energy for heating increases the attractiveness by a
minimisation of the living space. This master’s thesis aims to draw attention
to the issue and to achieve a rethinking in the planning of future living space.
For the research and elaboration of this thesis, statistics and trustworthy liter-
ature were used, and physical modelling was applied. This Master’s thesis can
be assigned to the fields of energy technology, mechatronics, architecture and
civil engineering. It contributes for students, researchers, and other interested
person in these sectors.

combined heat and power unit (CHP), residential building,

Keywords: tiny living, modelling, heat energy, electricity sale
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Kurzreferat

Analyse des Energieflusses eines Wohngeb3dudes mit
einem Blockheizkraftwerk (BHKW) unter
Beriicksichtigung wirtschaftlicher Aspekte

Die vorliegende Masterarbeit gibt einen Uberblick iiber ein effizienteres, zukun-
ftsorientiertes Wohnkonzept in Dornbirn, Osterreich. Untersucht wird explizit
der Einsatz eines Blockheizkraftwerks (BHKW), in Kombination mit einem
thermischen Speicher, als Heizsystem. Um dieses Heizsystem fiir den End-
verbraucher attraktiver zu gestalten, wird der Verkauf des vom BHKW pro-
duzierten Stromes vorgesehen. Die Steigerung der Attraktivitit beinhaltet zu-
dem den effizienteren Einsatz der Energie fiir das Heizen, was folglich zu einer
Minimierung des Wohnraumes fiithrt. Durch diese Masterarbeit soll Aufmerk-
samkeit auf die Thematik gelenkt und ein Umdenken in der Planung des zukiin-
ftigen Wohnraumes erreicht werden. Zur Recherche und Ausarbeitung dieser
Arbeit wurden Statistiken und vertrauenswiirdige Literaturquellen verwendet,
sowie die physikalische Modellbildung angewandt. Diese Masterarbeit kann den
Fachbereichen Energietechnik, Mechatronik, Architektur und Bauwesen zuge-
ordnet werden. Sie bietet vor allem fiir Studierende, Forschende und Inter-
essierte aus diesen Bereichen einen Mehrwert.

Blockheizkraftwerk (BHKW), Eigenheim, kleiner Wohnraum,

Keywords: Modellbildung, Heizenergie, Stromverkauf
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1. Approach to the Issue

Climate change is advancing and humanity urgently needs to do something in
order to stop it. Without solutions, our world will become more and more un-
inhabitable and can lose its diversity of life. The progress of climate change can
be counteracted in many different areas. Private households are responsible for
a third of the used energy and about 40% of the associated emissions world-
wide [1]. One advantage of this high portion is that everyone can participate in
decrease the problem within their own home. Every person should contribute
in order to achieve the common goal.

The carbon footprint of a household is dominated by its heating |2]. In order
to keep this dominating part as low as possible the house should be designed
to be thermally efficient. All components should be combined in such way that
the heating runs as advantageously as possible.

Various heating devices can be considered in the choice of the appropriate
heating system. However the use of a combined heat and power unit (CHP) has
a particularly advantage. In addition to thermal energy the CHP also produces
electrical energy. This electrical energy can be used by the homeowner himself
or get sold. The case of selling can support the electricity grid at critical points
when it is controlled correctly. This is a huge advantage for both the house
owner and the electricity provider. Another advantage is that the CHP can
supply electricity at desired times. This property is particularly important for
stabilising the electrical grid. In return, the owner gets a higher selling price
insofar as the prices are based on the electricity stock exchange. The problems
with stability become more and more apparent as more renewable power sources
feed into the grid. This is a positive aspect of this heating system.

Considering the economic situation for the owner, the sale is currently very
lucrative. The electricity price has been rising sharply since mid-2021. Due to
the resurgence of the economy prices for gas and oil have reached peak levels.
As a result of these high prices, the associated electricity price is also catapulted
upwards. [3]

The price of electricity for 1 kW h has temporarily topped 70 euro cents on the
stock exchange. [4].

A glimpse into the future shows that the use of these heating systems can serve
as a component for future Smart Grids [} This future solution requires many
flexible power generators so that the targeted properties can be achieved.

L An intelligent electrical network that can communicate with all consumers and producers
in order to satisfy the required amount of electricity and protect the distribution grid [5].



Chapter 1. Approach to the Issue

In order to consider the efficiency of the system the individual components must
be described and linked together. One method to realise this is the use of a
dynamic simulation, which is particularly suitable for the case. It allows the
reaction on individual peak values. Without the usage of a dynamic model only
the average values could be considered.

Final energy consumption (FEC) and intensity for space heating -private households

Terawatt hours (TWh) or kilowatt hours/square metre (kWh/m2)
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Figure 1.1.: Final Energy Consumption for Space Heating
customised illustration based on [6]

As illustrated in the the demand for heating energy has decreased
slightly. This reduction should continue to be pursued in the future. New
concepts are constantly appearing to minimise the heating energy consumption
and the resulting impact on climate change. Due to this the first tiny houses
came onto the market. Living in a Tiny House reduces the per capita emissions
by up to 70 % [1]. It can be concluded that the size of the living space has a
strong influence on energy consumption and the associated emissions.

This problem can be formulated in a question and can serve as an incentive to
conduct this research. The research question is:

Which constellation can provide the heat energy for a residential building in a
financially attractive way with an electricity price-controlled combined heat
and power unit - taking into account the hourly values of electricity prices?



Chapter 1. Approach to the Issue

1.1. Structure of Thesis

The thesis is divided in seven chapters and introduces with an approach to the
issue and the research question to be clarified. The purpose of this chapter is
that the readers should know the background of the execution. They they are
informed about the problem in order to understand the following solutions.

The next chapter contains the state of the art of the heating system and the
smart grid. This chapter brings the reader up to date on the key components
and their use.

In the following chapter are the used methods and sources explained. It specif-
ically describes where and why certain sources have been chosen and also why
the simulation method was chosen.

The fourth chapter contains the description and implementation of all required
components of the system to be modelled. All components are explained with
the reason for consideration, the functionality, the chosen simplifications and
the final implementation.

In the fifth chapter the cases to be simulated are defined at first. The results
are then structured and prepared for analysis in the following chapter.

The sixth chapter contains the analysis of the results of chapter five. The
individual scenarios as well as the comparison with each other are discussed.

The last chapter contains the summary of the thesis. The findings of the results
and the modelling approach of the concept. In addition, the further work steps
and suggestions for improvements are discussed.



2. State of the Art

2.1. CHP - Combined Heat and Power Unit

Functionality

A combined heat and power unit is a technology that produces electricity and
thermal energy. This process runs at high efficiencies while using various kinds
of fuels. The high efficiency is due to the fact that the gained heat is used
additionally to the electricity production. In most other electricity production
processes the generated heat is not used . The efficiency for a CHP powered
by an internal combustion engine is about 90 percent , p. 11].

In most cases, CHP units are powered by an internal combustion engine or a
steam turbine. The combustion engine uses natural gas, oil or biogas as fuel.
When a steam turbine is used, the first step is to generate steam, which is used
to drive the turbine in the next step. In this thesis, a CHP with an internal
combustion engine is used. For this reason, only this concept is explained in
more detail.

Water Heat Re.covery Steam or I:’> Cooll.ng/
Unit Hot Water Heating
Hot Exhaust Gas and
Engine Cooling
Building or
f Facility
»| Engine Generator Electricity

%

Figure 2.1.: CHP Overview
source:

As illustrated in the CHP unit uses the fuel to run the combustion
engine, which drives the generator. The generator produces electricity that can
be used for own consumption as well as for feeding into the grid. The generated
heat from the engine is fed into a heat recovery system.
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This heat consists of the heat stored in the engine’s cooling medium and the
hot discharged exhaust gases. These are combined for further consideration.
18]

This system transfers the heat to the desired storage medium. This stored heat
can then be used to heat the building.

Usage of a CHP

CHPs are used in various buildings as electricity-producing heaters. In order
to check the suitability of a CHP unit, a number of factors must be taken into
account. These factors are the operating hours of the CHP unit, the thermal
energy demand of the building and the tariffs for fuel and electricity. This
is the only way to ensure a technically correct and also economic use. The
buildings that are suitable for such a system are usually very large. Examples
of a building heated with CHP would be industrial buildings, hotels and large
apartment buildings [7].

CHPs can be divided according to their size. Some manufacturers also offer
smaller systems that are designed for the use in single-family homes. These

systems are called nano or micro CHP and have a nominal electrical output of
up to 1000kW h per year.

The future of the use of a CHP in a single-family house is uncertain. Develop-
ments in the technology of the system speak in favour of its use as investment
costs are becoming lower and lower. However, the decreasing heat demand of
residential buildings, due to more thermally efficient building materials in the
future and thus the ever shorter period of use of the CHP argue against it 9.

The statistic shows that the use of CHP units with a maximum output of 2 kW
is increasing again. This increase started in 2017 and has surpassed the peak

before the decline that started in 2014 (Figure 2.2)).
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Sales of nano CHP units* in Germany from 2010 to 2020

Combined heat and powersales of nano CHP units in Germany by 2020
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Figure 2.2.: Statistic Sales of Nano CHP in Germany
customised illustration based on [10]

Thermal Storage

Heating with a thermal storage goes back into the past very far. The tiled
stove, for example, which was once widespread in Austria, was invented in
1767 by Carl Johan Cronstedt and Fabian Wrede. Their idea was to store the
heat generated by the fire in a brickwork. In this process, the smoke of the fire
slowly passed through the brickwork via a long winding channel before leaving
the house through the chimney [11].

The use of a thermal storage tank has several advantages. These advantages
include increasing the generation capacity, shifting the energy purchase to times
with low fuel costs and allowing the operation of CHP plants. , pp. 89-90]

CHP units are usually operated in order to supply the demand for the required
heat load. Operation at times of low electricity consumption often results in
a surplus of generated electricity. By integrating a thermal storage unit, the
system can be operated at any time and does not only have to be geared to the

required heat. p. 89|
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2.2. Domestic Electricity Production

The positive image of traditional energy production is steadily declining among
the population. The result is that many of the conventional generation methods
have an expiration date. And in return, governments have pushed ahead with
the energy turnaround. In 2017, around 38.5% of the energy in Germany was
already generated with renewable energy sources. The renewable energy sources
are owned by private persons, farmers or financial investors in most cases.
Consequently, there is also a big change among electricity providers. More and
more new competitors are entering the market. Some of these competitors offer
to distributing the generated electricity of the owners of small power plants. The
usual consumption-oriented, centralised electricity production is shifting more
and more towards generation-oriented, decentralised electricity production. |13}
pp. 115-116]

2.3. Modelling Components

Each component to be modelled is described fundamentally at the beginning of
its sub chapter in [chapter 4 The mode of operation as well as the state of the
art of each component is discussed. Only the components CHP and the thermal
storage have a more detailed consideration, as they serve as key components of
the system.



3. Methods

3.1. Modelling Approach

Mathematical models can be used in order to avoid problems at an early stage,
even before an experiment has been carried out. These models must map the
behaviour of the reality as accurately as necessary. The use of a mathematical
model is usually justified when statements have to be made about a system that
has not been realised yet. The required statements are for example a feasibility
study or various estimates that are needed for the development of a prototype.
In a model the parameters can be modified without much effort. This makes it
possible to simulate all desired scenarios. Modifications in real experiments are
often very expensive or not possible at all. As already mentioned, this charac-
teristic helps to avoid errors at an early stage. In general, the use of a model
usually leads to a better understanding of the complex technical processes. |14}

p. 4]

Casually there exist two different methods to obtain a dynamic model of a real
system |14} p. 5] :

Physically Modelling

This method is also called theoretical modelling. The modelling process is based
on physical laws. |14} p. 5]

Experimental Modelling

The model is created by system identification, experimental identification, which
is based on observations and experiments of the real system. |14} p. 5]

For the elaboration of this master thesis the physical modelling is applied.
The physical modelling is implemented with the application of object oriented
modelling language. The language used is Modelica ['}

! Modelica is a programming language used to represent cyber-physical systems. It makes
the the causal and a-causal linking of parts that are controlled by mathematical equations
possible, which makes modeling from scratch easier.[15]
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3.2. Used Software - Dymola

Multi-physical dynamic systems can be effectively modelled and simulated us-
ing Dymola. Dymola is a Modelica based solution. It quickly solves complicated
multidisciplinary system modeling issues that may combine mechanical, elec-
trical, thermal or process-oriented features and components for example. [16]

The possibilities of implementing the modelling as well as the multidisciplinary
model libraries favour the use of Dymola in this work.

3.3. Declaration of the SHAC Concept House

This concept was set up by Markus Hager, from SAEM GmbH. This proposal
is currently just a first draft that will hopefully get further development.

In this concept, a residential house is designed for two occupants. The floor
area of this residential house is 35m? and is limited to one floor. The building
material of the house is wood and the insulation was done according to the
guideline [17]. The total window area is 5m? and is divided by 2m? each on
the south and west sides and by 1 m? on the east side. So far, the concept does
not include the use of an automated ventilation and air conditioning system.
The air exchange and cooling is only provided by the windows. The house is
heated by a central thermal storage tank made of stone. This storage tank has
the dimensions 2.4 x 2.3 x 0.5m and is heated by the exhaust gases and the
heated cool medium of the CHP. This CHP has a total output of 3kW (2kW
thermal and 1 kW electrical). The CHP is driven by a gas engine. The used gas
consists to 20 % of bio gas. The price is assumed to be constant for the whole
year, as this is common in the region to be used. The generated electricity is
sold in two defined time windows. The first time window is in the morning and
starts at 7 am. The second one is in the evening and starts at 5 pm. Both time
windows are active for 4 hours. The electricity price is listed hourly.
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3.4. Literature

Material Parameters

The physical parameters used for the various materials during the development
are taken from the textbook Heat and Mass Transfer by Yunus Cengel [18].
Factors that come from another source are marked by a source.

Environmental Data

All data of the environment for the entire year 2021, are provided by the website
Solcast |19].This page offers a limited, free access for students and researchers,
which is sufficient for all the necessary data for the elaboration of the thesis.
The data set is split hourly throughout the year and contains fifteen different
variables. Not all variables are needed for the elaboration.

Functionality Components

For the modelling of the physical processes of the used components, prefer-
ably German-language sources are used. The authors of the literature refer
to a comparable environment, with consequently similar environmental factors.
This means that the results of the examples can be used as reference values.

10



4. Modelling

This chapter describes all modelled components. Each of these descriptions
begins with the reason for the consideration before describing the general func-
tion. This is followed by the application and the associated simplifications in
this thesis. The next section provides a brief insight into the implementation
in Dymola. The descriptions are concluded by a small insight into the results
of the respective models.

The described components can be seen in [Figure 4.1,

Windows

Electricity
Sale

& e

Temperature Ventilation . .
Heating Unit
Heat Capacity
o Building —
IS ¢ Heat Loss Ve
e Building >
Gas

« )
U

Occupants Consumption
Heating
el
/4 A
o r THRIE
T 5

Figure 4.1.: Components Overview

4.1. Entire Model

The entire model consists of the components shown in These com-
ponents are related to each other as follows.

The Outdoor Temperature is used as an input value for the Windows, Ventilation
and Heat Loss Building components. The output values of these three models
and the output values of the Heating Unit and Occupants Heating describe the
thermal energy flow into and out of the Heat Capacity Building. Furthermore,
the data of the Heating Unit is required by the Gas Consumption and Electricity
Sale models for their tasks.

11
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GasConsumption

< [e]

‘(5

“—’
< HeatingUnit

ElectricitySales x L

< Pe ‘—FQJ
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= u
R H > E
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OccupantsHeating

R
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Figure 4.2.: Entire Model

shows the implemented model in Dymola.

4.2. Outdoor Temperature

Purpose and Functionality

The thermal conduction of the exterior surfaces is usually the largest amount
of thermal energy loss in a house. In this loss, the outdoor temperature is a
main factor and consequently the most important parameter for the calculation
of the associated heating power.

The annual course of the outdoor temperature for Dornbirn for the calendar
year 2021 is included in the environmental data. The table has two columns
and 8760 rows, of which each row represents one hour. The first column shows
the time and the second the corresponding temperature.

12
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Implementation in Dymola

This table is imported into Dymola using the CombiTimeTable block. The type
of data is Real and the unit for the temperature values is degree Celsius. Addi-
tionally, the output of the table is converted into Kelvin using the from_degC
block. Finally, the Prescribed Temperature block is used to act as an infinite
reservoir that can absorb or generate as much energy as is required to maintain

the temperature of the input (Figure 4.3).

combiTimeTable from_degC

OutsideTemp

degC port_b
> br—bo ]
K K

Figure 4.3.: Outdoor Temperature Model

Results

The result of this model is the following hourly recorded temperature curve

of the outdoor temperature (Figure 4.4)). A larger version of this graphic is
included in the appendix [subsection A.1}

Figure 4.4.: Outdoor Temperature Dornbirn 2021
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4.3. Heat Capacity of the Building

Purpose and Functionality

The heat capacity of a body is essential for the consideration of the heating
and cooling process of it, as well as for the associated heat storage. Its value
indicates how much energy is needed to achieve a temperature increase of one
degree.

In order to calculate the heating capacity, the shape as well as the material
parameters must be known. The heat capacity is calculated with references to

Fiquation 4.1}

C=c-m=c-V-p (4.1)

Where C' is the calculated heat capacity in %, c is the specific heat capacity in
ML_K of the material, V is the volume of the body in m? and p is the density of

the material in £Z.
m

Application and Simplification

In the considered model the individual heat capacities of the solids are evenly
heated by the same source. Consequently, these individual heating capacities
can be summed up. Therefore, the house can be split in two different types of
heat capacities: the heat capacity of the indoor air on the one hand and of the

solids on the other hand (Figure 4.5)).

Heat Capacity of all
Solids

)
N

Heat Heat Capacity

transfer ——» Ceilings
coefficient
\/

Heat Capacity
of the
Air in all Rooms

gas to solid

Heat Capacity
Groundplate

Heat Capacity
Walls

— —

Figure 4.5.: Heat Capacity Overview
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As illustrated in the summarised capacity of the solids includes the
individual capacities of the walls, of the ground plate as well as of the ceiling.
The heat capacity of the indoor air comprises the air in the entire living space.
These two heat capacities are connected via the heat transfer coefficient (gas to
solid). To ensure that the heat capacity is not only designed for a special case,
the calculation must be carried out using specified and modifiable parameters.
The user must enter the following parameters, as shown in [Table 4.1] to find

the result for the desired housing complex. Additional deductions relating to
furniture or stairs are not taken into account.

Table 4.1.: Customisable Parameters for Heat Capacity Calculation

Material Design
Density Wall - pau Total Living Area - A;piar
Density Ceilings - peei. Length of House - [
Density Ground Plate - pgy, Width of House - w
Specific Heat Capacity Wall - ¢, _, Height of Walls - hyqau
Specific Heat Capacity Ceilings - ¢,,_, Thickness of Walls - ¢4
Specific Heat Capacity Ground P. - ¢,,, | Thickness of Ceilings - Z .
Thickness of Ground P. - ¢,
Numbers of Floors - n 00y

The user-defined dimensions of the building are illustrated in [Figure 4.6 The
object represents the cross-section of a house with 2 floors.

t_wall

t_ceil.

A 4

h_wall

t_gp.

LA AARRRRARANNRAAAA |

|

I 1
W

Figure 4.6.: Design Parameter Building
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A simplification of the design of the house is that each room has only exterior
walls. Considering multiple walls would limit the model too much.

After specifying the customisable parameters the heat capacity of the air inside
the house is calculated. As can be seen in the [Equation 4.1] the calculation
of the heat capacity always requires the mass of the body and its specific heat
capacity. The parameters of and the properties of the air allows to
calculate the volume inside the house, the mass of the air and the resulting

heat capacity. (Equation 4.2))
Cairms = Cair * Mairroom — Cair * Afloor . hwall * Nyloor * Pair (42)

For the calculation of the heat capacity of the solids the components must be
considered separately, subsequently they can be combined to the total heat ca-
pacity of the solids. The parameters required for this come from [Table 4.1l The
openings for doors and windows in the walls are not taken into account. The
heating capacity of the solids is thus slightly higher. Previous simplifications
reduce the volume of the solids, thus a consideration of the doors and windows
in the detailing grade of this work is not necessary.

Again, the first step is to calculate the volumes of the various solids. The vol-
ume of the ground plate can be calculated from the living area Ay, and the

thickness of the plate ¢y, (Equation 4.3)). The area A, is the living area per
floor (Equation 4.4]).

Vap. = Aftoor * tgp (4.3)
Atotal

Afloor = 4.4

Il N floor ( )

The next volume is the volume of the ceilings. It depends on the living space
Ajotal, their thickness t..;. and the amount of floors n . (Equation 4.5

‘/cez'l. = Afloor “teeil. - N floor (45>
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The third volume is that of the walls. This can be calculated with the length [
and the width w of the floor area Ao, the height A,y and the thickness t,,qu

of the walls. (Equation 4.6))
Vwall = (l + w) <2 hwall : twall * Nfloor (46)

The next step is to calculate the masses with the previously calculated volumes
and the corresponding densities.

To calculate the heat capacities of these three solids, the masses have to be
multiplied by the specific heat capacity of the respective materials.

The final step is to summarise the heat capacities of all solids to get the resultant

Clsolia

C(solicl = CVgp. + Cceil, + CVwall (4 7)
C’solid = Cgp. * quA * Pgp. + Ceeil. ‘/ceil. * Peeil. + Cwall - Vwall * Pwall '

The heat transfer coefficient between the air and the solids of the house G 4, rowai
is the result of the multiplication of the heat dissipation capacity by convection

and the surface in contact. (Equation 4.8))

GAirToWall = QoK Atransfer (48)

The unit of the heat dissipation capacity is KL and it can be calculated with

2
reference to |[Equation 4.9, [20, p. 75|
ax =2+12- o (4.9)

The DIN standard of thermal environment ergonomics |21}, pp. 20-21] does not
specify the case of a living space, so the most suitable room type must be used.
Based on the vertical temperature difference and the operative temperature,
the living space must be classified in category A. This results in a maximum
average air velocity for the cooling period in summer of 0.12"* and 0.10"} for the
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heating period in winter. For the calculation, a maximum average air velocity
of 0.11% is assumed.Therefore, the heat dissipation capacity is 5.97%.
The transfer surface Ayqnsper contains the surfaces of the solids that are in

contact with the air. These surfaces can by calculated with the given parameters

of [Table 4.11

Implementation in Dymola

The implemented model consists of two HeatCapacitor blocks and a Thermal-
Conductor block, which describes the transfer of heat between the air inside
the house and the solids. The values of the two heating capacities and the
thermal conductance are calculated according to the equations stated above
(Equation 4.2 and [Equation 4.7)).

HeatCapacityAir

_air_ins

port_air thermalConductor

.

G=G_AirToWall

pllos O 5
spllogAyoedediesy

port_solid

.

Figure 4.7.: Heat Capacity Model

Results

A house based on the idea of SHAC has a heat capacity of 1.48 - 107%. For
comparison, a container filled with water which has the same heat capacity as
the house must have a volume of approx 35001.
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4.4. Heat Loss of the Building

Purpose and Functionality

The heat loss of a house consists mainly of the heat conduction through the
exterior walls and through the top ceiling. In the cold months this loss describes
the heat energy leaving the house, which in turn must be brought back into the
building by the heating system. The heat loss is required for the dimensioning
of the heating.

This heat loss depends on the heat transfer coefficient of the material to be
passed through u, the surface A.,; and the temperature difference between the
respective surfaces.

C‘?loss = Aemt U (ﬂndoor — Toutdoor) (410)

As the heat transfer coefficient has a significant influence on the heat loss the
goal is to make it as low as possible. The higher the value of the heat trans-
fer coefficient, the more heat energy passes through the material at the same
temperature difference. The coefficient in the application is reduced by adding
layers of insulating materials to the top of the base material.

According to the Austrian Institute for Building Technology [17, pp. 5-6], the
heat transfer coefficient of an exterior wall in a new building shall not exceed
the value 0.35—~. The value limit for a ceiling that borders on the outside

m2.K "
. . W
air is 0.2——.

Application and Simplification

This heat loss component provides the connection between outdoor and indoor
air. Heat conduction through the ground plate into the soil has been neglected.
No data is available for the temperature of the earth underneath the ground
plate.

The corresponding areas for the different heat coefficients can be calculated
with the geometric parameters of the house and the window areas. The area of
the ceiling is calculated by the length and width of the house and the number
of floors.

To calculate the area of the walls, the floor plan of the building and the number
of floors are also required, as well as the wall height. The sum of the window
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areas is subtracted in the last step. The reason for this is that the heat loss of
the windows is discussed in [section 4.5l

At the end the two thermal conductances, the products of the heat transfer
coefficients and the corresponding areas, are added together.

Implementation in Dymola

This model connects the outside air (input) with the air inside the house (out-
put). The model is based on the thermal domain for the representation of heat
flow and temperature. The ThermalConductor block serves as a link between
the two interfaces and has the value as described above. The HeatFlowSensor
is used to integrate the heat flow in order to get the total heat loss. The data

type is Real (Figure 4.8]).

The model Ventilation finds place in the HeatLoss model, but is described in
section 4.7

Ventilation

e,
o/, "

(] \)
—Hl ] JO0—
\) 1
. —

W) (7

heatFlowSensor thermalConductor

pt Qi % % i

G=A_vall*u_wall +A _ceil*u_ceil

integrator to_kWh

J y_TotalHeatlLoss
——p / > —— > D

kW.h

k=1

Figure 4.8.: Heat Loss Model
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Results

The total heat loss for the year 2021 for the concept house SHAC' is 4567 kW h.
The negative sign in is cased by the fact that in most cases the heat
flow is from the inside to the outside.

—— houseHeatlLoss.y_TotalHeatLoss

-1000+

—

< -2000+

(kW

-3000+

-4000+

-5000 T . y . . .
0 100 200 300 400
Time [d]

Figure 4.9.: Total Heat Loss SHAC

4.5. Windows

Purpose and Functionality

On sunny days there is a heat gain as a result of the solar radiation. This heat
gain can relieve the heating system on cold days, but also heat up the house to
unpleasant room temperatures on warm and sunny days. Therefore, this value
will be very important for the simulation.

The environmental data [19] contain the solar radiation values direct normal
irradiance (DNI), diffuse horizontal irradiance (DHI) and global horizontal ir-
radiance (GHI), as well as the current angles of the sun (Figure 4.10)).
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7T T~
GHI
™\
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\
/ ‘\.
M | —E\
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Wr’:f - | ¢ — ﬂ;_ - //,,-
A 1 Azimuth >—
ground Horizon T S
(a) Solar Radiation (b) Angles Sun, source: [22]

Figure 4.10.: Sun Parameters

The radiation GHI consists of the DHI and the vertical amount of the DNI
(Equation 4.11)). The angle z is called zenith.

GHI =DHI +cos(z)- DNI (4.11)

The direction of the GHI is vertical. Since the windows are perpendicular to
the horizontal, this value cannot be used. Thus an alternative value must be
found.

Application and Simplification

The total radiation striking a window must be composed of diffusive and direct
radiation. Diffusive radiation is not directional.

The existing values of the data set can be used after adjusting the tilt of the
window surface. The thesis assumes that all windows are vertical. This results
in 50 percent of the measured value for the occurring diffuse radiation [23|
p. 324].

The direct radiation to the window can be calculated via the angles azimuth
and zenith. The zenith is taken into account first and then with this new value
for the DNI the azimuth is taken into account.

The consideration of the zenith is the same throughout the day. If the angle
is higher than 90°, the sun is under the horizon and its dark. The DNI is

multiplied by the sine of the zenith (Figure 4.11)).
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Figure 4.11.: DNI Zenith Angle

This results in the following value for the direct radiation, DN, after consid-
ering the zenith angle (Equation 4.12)).

DNI, = DNT - sin (2) (4.12)

This value is now used for further consideration according to the azimuth. The
azimuth angle ranges from 0° to 360° during the day and each cardinal direction

is written once on the angle (Figure 4.12)).

0°

270° -

180°

Figure 4.12.: Azimuth related to Cardinal Direction
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A house has four facades in which windows can be installed. Using the azimuth
angle, the DNI can be assigned to the respective facades. The irradiation range
is always 180° and begins 90° before the respective direction is reached.

In the observation of the east direction the beginning is at 0°, the peak at 90°

and the end at 180°(Figure 4.13)).

o

270°-{W-------

. o y °
B
\W]ndow East

0

N
I
o)
C
[%2]
o

S

180°

Figure 4.13.: Azimuth Distribution East Facade

The result of the sine from the azimuth angle can be used as the percentage
distribution over this range, with the value 0 at the beginning and the end and
the value 1 in the middle. To create this range, the sine of the azimuth must
only be limited between 0 and 1. Negative values of the sine make no sense, as

the radiation cannot be negative (Figure 4.14)).

4 5 10 15 2
Time (h]

Figure 4.14.: Limited Sine Azimuth
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For the east direction the distribution fits without an offset angle. Each other
direction is adjusted in the calculation so that it has the same orientation as
the east. This consideration is only correct if the house is perpendicular to
the cardinal directions, but in most cases the house is not exactly aligned to
this. In addition the angle of the house  is added to the required alignment

displacement (Figure 4.15|). This results in the following displacement values

for the azimuth angle:

e Fast: 0+

e South: 90 + 3

o West: 180 + 3

e North: 270+ 3

270° -

Figure 4.15.: House Angle

The azimuth is now adjusted for each cardinal direction and the house angle 3,
then the sine of this new angle is calculated and limited. This gives four signals
that are used for the further calculation.

The direct radiation is divided through the azimuth and zenith angle and can
now be summed up with the adjusted DHI component for each direction. As
an example, the calculation of the solar radiation for the south side (Equa-|

fion 4.13).
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Gs = DNI - sin(z) - sin(as) +0.5- DHI

as=a+ (90 + 3) (4.13)

zZ ... zenith
a ... azimuth

as ... azimuth south

The windows must be divided according to the sides of the house. As an
example, the east window is the one where the peak of the cardinal direction
East is normal to its surface. The user enters his window sizes for each direction.

In addition to the main factors of quantity of solar radiation and size of the
window area, the solar heat gain also depends on factors that describe the prop-
erties of the window [24, pp. 330-331]. These factors for the window are the
solar factor (total solar energy transmittance factor) g and the heat transfer co-
efficient Ur, which describes the thermal losses to the environment. To describe
this loss, the outside temperature as well as the inside temperature is required.
The solar factor g and the heat transfer coefficient Up for the windows can be
found in |25]. These parameters must be entered by the user before using the
model.

Up (T, -T,)—g-G (4.14)

The available solar heat gain @,, can be seen in [Equation 4.14L It consists of
the sum of gains from solar radiation and thermal loss. In the model, all four
cardinal directions are calculated separately and are summed up at the end.

To prevent the house from overheating on days with high solar radiation and a
warm outdoor temperature, a darkening system can be integrated. This darken-
ing system observes the inside temperature of the house as well as the amount
of DNI. If both upper limit values are exceeded, the radiation is completely
blocked. In all other cases, the value is calculated as in [Equation 4.14] This
output value of the darkening defines the heating power of the sun through the
windows.
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Implementation in Dymola
The Windows model consists of different sub-models as seen in [Figure 4.16),

Windows
1st LAYER &
T .
Solar Radiation CD Darkening
E
2nd LAYER H e
N
| |
Sine Azimuth Sine Zenith
3rd LAYER /\L AN
f 1
Azimuth DNI DHI Zenith
DATA LAYER ‘ %ﬂ Eﬂ

Figure 4.16.: Solar Heat Gain Model Structure

DATA

The parameters for the sun, the two angles (zenith and azimuth), as well as
the radiation values DNI and DHI all come from the source [section 3.4 and are
implemented using the CombiTimeTable block. The angles are converted from
degrees to radians.

Sin Zenith

This model computes the sine of the zenith angle. The sine is limited between

0 and 1. The data type is Real (Figure 4.17)).

SunAngleZenith

sin limiterSine

/\_/ / ){gnSinZen

uMax=1

. ,
1 ’
(= 7
|"\\

.,
o

r

Figure 4.17.: Sin Zenith Model
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Sin Azimuth

This model has an input and an output. The input delivers the angle, which
includes the displacement of the cardinal direction and the rotation of the house
(as described above). Furthermore, the azimuth angle is imported. This model
has the task of creating the limited sine wave for each cardinal direction. This
is done with the math blocks from Dymola. The blocker at the end cuts off the
signal from 23:30 until 00:30, as the data set is incomplete at this point. This
has no effect as there is no solar radiation at this time on any day of the year
(Figure 4.18|).

const

u_dispAngle

k=0
Blocker BlockerSwitch

1d

addAngleDiff  sinAzimuthDisp limiterSine

G e e

uMax=1

y_limSinAzi

SunAngleAzimuth

D;

N

Figure 4.18.: Sin Azimuth Model

Solar Radiation Cardinal Direction (CD)

This model has the task of calculating the actual solar radiation for each cardi-
nal direction. For this, three further components, Sin Azimuth and Sin Zenith,
and the sun parameters are needed. The calculation is done according to
by using the maths blocks of Dymola. The output of the model is the
resulting radiation of the sun for each direction, which results in four outputs
of the model. The data type is Real.
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Figure 4.19.: Solar Radiation CD Model

Darkening

The Darkening model has two inputs and one output. Its task is to check the
indoor temperature and the DNI. Both upper limits must be reached to set the
And block to True. Then, by the Not and booleanToReal blocks, you get the
number 0 for darkening or 1 for not darkening. The data type of these values
is Real, so that they can now be multiplied by the solar power (Figure 4.20)).
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Figure 4.20.: Darkening Model
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Windows

The model has two thermal connectors (air outside and air inside the house)
and one Real output. The user has to define the heat transfer coefficient Up
and the energy transmittance g of the window, as well as the surfaces sepa-
rately according to their orientation (Aeqst, Asouths Awest and Ay,oren ). The heat
loss of the windows is implemented with a thermal conductor. The thermal
conductance is calculated with the the heat transfer coefficient and the total
window area. The solar heat gain is calculated according to [Equation 4.14] and

is output. The model is displayed in [Figure 4.21]

thermalConductor heatFlowSensor

i

G=U_FA

temperatureSensor

WidowDakening
e,
multiSum ort Hosthowtndow
eeeeeeeeeeeeeee ot :
4+ >
et o)

Solar Radiation CD

E > .[,G,wm

Multiplication with
related Window Area

Figure 4.21.: Windows Model
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Results

For the year 2021 the solar radiation per square metre for the buildings south
side is 780 kWh/m?. This radiation and the parameters of the window (u=0.54
and U_F= 0.706 W/m?K [25]) result in a solar heat gain of 398 kWh/m?. (Fig-

ure 4.27).

AT

—
of—

%

Figure 4.22.: Solar Heat Gain South Side per m?

The total solar heat gain without darkening for the year 2021 is 1141 kWh/m?.
Taking darkening into account, a value of 371 kWh/m? remains. Both values
refer to per square metre of window area per side and are illustrated in

fure 4.231

%0 0
uuuuuuu

Figure 4.23.: Solar Heat Gain before Darkening

31



Chapter 4. Modelling

4.6. Heating Unit

The Heating Unit model consists of three submodels. The heating control,
the heating (CHP) and the thermal storage (Figure 4.24). These models are
connected in the order previously listed. The Heating Unit model has one input
for the room temperature. The output values of the model are the heat flow
and the data of the CHP-run. These data are the electric and the total power of
the CHP and the total heat energy (integrated heat power of the CHP). These
values are mandatory for further calculations.

<}7

HeatEnergy

TotalPower

—< CHP ThermelStorage

@ ; N port HeatFon
+

Hea!lngControlT/_j\
)
(O]

4+ [

ElectricPower

RoomTemp

Figure 4.24.: Heating Unit Model

Heating Control

Purpose and Functionality

The task of the heating control is to switch the connected heating on and off.
It is possible to define the time window for the heating period. For this task
it is necessary to have the information of the house. The room temperature is

the most important input.
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Application and Simplification

The heating control has the task of controlling the heating so that the desired
room temperature is reached in two predefined heating windows with a con-
stant heat power. The two heating windows and the target room temperature
must be predefined by the user. In the case of this thesis the heating is a CHP.
Thus the defined time window also limits the electricity production and the
associated sales.

The following conditions must be fulfilled for the heating control in order to send
the signal to switch the heating on. On the one hand, the room temperature
must be below the lower limit of the desired room temperature. On the other
hand, the actual time must be in one of the two heating time windows. If only
one of the two is given, the heating continues off or turns off. An example for
switching off during a running heat process could be reaching the maximum
temperature or heating over the end of the predefined time window.

Implementation in Dymola

The model has an input where the room temperature is entered of the data type
Real. The output is the heating status (ON/OFF) as a Boolean value. The
time windows that restrict the heating are implemented with two BooleanPulse
blocks, two Constant blocks, an Or and a Switch block. The pulse signals are
true if the time window is active and false if not. If one of these windows is
reached the OR also results in true.

In order to implement the temperature comparison a Hysteresis block, a Not
block and a BoolToReal block are required. The actual room temperature is
compared to with the desired temperature using the hysteresis. The heating
process starts when the temperature of the room is below the lower temperature
limit and ends when the upper limit is reached. This output value describes
exactly the opposite of the heating requirement. Therefore the output of the
hysteresis must be negated. The output value of the Not is of type Boolean
and must be converted to type Real for the following product. The subsequent
product between the two checks gives the value 1 for heating and 0 if not. The
heating is only active if both checks are correct. The output of the heating

status is of the Boolean data type which is again transformed. (Figure 4.25)

33



Chapter 4. Modelling

/\

Output Heat Status
k=1 ON/OFF (1/0)

HeatSwitch

1d OR_HeatPerio

HeatingTimeEvening

1d

y_HeatStatus

or

TempANDTIme

realToBoolean

2

-

B

HeatOFF

not!  booleanToReal

not

sisTemp

=
il
o

P hysteresisTem|

u_IndTem

Figure 4.25.: Heating Control Model

Results

The January 2°¢ 2021 is used as an test day to show the signal of the heating
status. The modelled house is the SHAC concept house. On this day the out-
door temperature was between 0 °C and —5 °C.

The graph (Figure 4.26)) shows the status when no heat time window is pre-
scribed. The heating must be switched on and off eleven times. The heating

times range from a few minutes to several hours.
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Figure 4.26.: Heating Control Heat Status without prescribed Heat Time
Window

If the control unit has two prescribed time windows the many switching pro-
cesses can be reduced to one. As a result the CHP runs for a longer time

(Figure 4.27)).
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Time ]

Figure 4.27.: Heating Control Heat Status with prescribed Heat Time Window

35



Chapter 4. Modelling

CHP

Purpose and Functionality

The CHP is the component of the heating system that creates the heat. The
CHP is a machine that also generates electricity besides heat. More details
about the functionality of this component are described in [section 2.1

Application and Simplification

In this work the heat power of the CHP is defined by the user. The reason
for this is that the system is oriented towards the heat demand. The resulting
total power as well as the electrical power are defined based on the entered heat
power. The electrical power is half the heat power and the total power is the
sum of these two. The value for the efficiency comes from the source cited in
lsection 2.1} A simplification that is realised is that the machine always runs

with a constant power.

Implementation in Dymola

The model gets the heating status as from the heating control. The data type
of this value is Boolean. In addition, the model has three outputs of the type
Real where the information regarding the different powers and consequently
generated energies is sent out. Another output delivers the thermal heat flow
in the thermal domain. For further processing of the input signal a conversion
to the data type Real must take place by using the BoolToReal block. This
is followed by the calculation of the thermal and electrical actual power by
considering the efficiency of the machine. For the calculation of the gas con-
sumption the total power must be used, because it indicates the target power.
In addition to the output of the Real power values the thermal power is fed to a

prescribedHeatFlow block in order to obtain the actual heat flow (Figure 4.28)).
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Figure 4.28.: CHP Model

u_StatusHeatin

Thermal Storage

Purpose and Functionality

The use of a thermal storage for heating goes back for many years and has
also been very common in Austria and especially in Vorarlberg (section 2.1]).
A thermal storage stores the thermal energy of a heating device. This storage
can be designed in different ways. The decisive factor is the heat capacity. This
describes how much energy can be stored. The heat capacity depends on the
volume and the material in which the thermal energy is stored.
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Application and Simplification

The thermal storage is a solid cuboid. The dimensions (length, width, height)
and the material are adjustable in order to maintain the flexibility of the model.
With these parameters entered the heat capacity must be calculated according
to formula [Equation 4.1, The thermal storage is placed in the middle of the
house. It is connected to the heat capacity of the house via the
port of the heat capacity of the air. The heat transfer between the thermal
storage and the room air is via convection. The so-called tiled stove constant
[20, p. 76] is used as the heat transfer parameter. This constant describes the
heat emission of tiled stoves and other flat space heaters.

Implementation in Dymola

The input is connected to the output of the CHP model and the output of the
Thermal Storage model is the one of the parent model, the Heating Unit. The
heat capacity of the storage tank is represented with the block HeatCapacitor.
The transfer conductance (tiled stove constant) has been implemented by the
block ThermalConductor. The entire model is implemented in the thermal

domain (Figure 4.29)).

heatCapacitor

C_Ts

port_HeatFlowCHP thermalConductor oot eatriowToroom

n — 1

G=250 WK

Figure 4.29.: Thermal Storage Model

Results

The thermal storage of SHAC’s concept has a heat capacity of 6.35 x 106J/K.
To compare this solid-state thermal storage with a water tank, the tank would
have a volume roughly 1500 | for an equivalent heat capacity.
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4.7. Ventilation

Purpose and Functionality

The main reason for the implementation of the ventilation process is to show
the associated heat dissipation to the outside air.

Ventilation of an occupied room is an essential process. The consumption
of fresh air depends on the number of people present in the room and the
activities they are performing. A person needs a fresh air supply of 25 —
367”75 in the living room during normal activities [26, p. 2]. This required
amount of fresh air must be constantly returned to the room, otherwise the air
becomes too much polluted and has a harmful effect on the people. There are
many methods to ventilate ranging from simple ventilation by open windows
to complex automated ventilation systems. Another function of ventilation is
the remove of the humidity.

Application and Simplification

For the further design of the process the amount of fresh air supply is set at
36”’73. The ventilation in this thesis is realised by using the windows. The
removal of humidity is not considered. Therefore, the most suitable method
for ventilation is shock ventilation |27, pp. 17-23]. In order to determine the
required ventilation time per hour the volume flow must be known. An assump-
tion is that the windows are fully opened. The windows must be swivelled in
order to open them. In addition the volume flow also depends on the temper-
ature difference between the inside and the outside air. In this case the range
in which the volume flow is as follows |28, p. 5] :

AT =5K — V=380""
AT =20K — V=760""

As already mentioned the ventilation process involves a heat flow in addition
to the air exchange. This heat flow always moves in the direction towards the
higher temperature. As a result in winter heat is released to the outside and in
summer heat is let into the room. Therefore it is important to keep ventilation
times as short as possible. Due to the fact that this work deals with the thermal
behaviour of the house the ventilation time will be based on the winter values.
A further simplification is that a constant volume flow, V = 700’%3, is assumed.
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The subsequent required ventilation time results from the volume flow and the
fresh air demand, which is derived from the number of persons and consumption
per person (Equation 4.15)).

ers ° 36m_3
Doers "0 3600 (4.15)
7002

Lyent =

This results in a ventilation time per person of 185s per hour.

The heat dissipation is described by free convection. The heat dissipation
capacity ax depends on the medium and its velocity. The unit of ay is KLmQ
Shock ventilation occurs in the medium air and the outside velocity is assumed
to be 07. This results in a heat dissipation capacity of 2% — 10% [20,
p. 75]. The mean value 6% was chosen for the model. This value is now
multiplied by the open window surface and the result is the thermal conductance
of the open windows. The user must enter the total surface of all windows and

the percentage that should be opened in order to calculate this value.

The simplified implementation is that during ventilation the entire heat flow
moves through the open windows and the heat loss through the walls and
ceiling is eliminated. This process is represented by a thermal resistance which
is connected parallel to the HeatLoss. ThermalConductor (Figure 4.8)). The
ventilation resistance has two different values. During ventilation the value is
calculated as the reciprocal from the thermal conductance of the open windows.
And on the contrary the value is infinitely high so that the heat flow goes
through the walls and ceiling again.

This work has no other component for cooling provided. But the ventilation
with the windows can also remove the heat from the rooms on warm days.
The temperature in the room is monitored in order to control the temperature.
When the limit is reached and it is cool enough outside the opened windows
bring fresh and cool air into the room.
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Implementation in Dymola

The Ventilation model is located in the HeatLoss model (Figure 4.8)). The
control of the ventilation times has been outsourced to a sub-model. This
model is called VentilationControl.

Ventilation Control

The model has two inputs where the temperatures are input. The output of
the model is the status for the window opening as a Boolean variable. There
are two cases: cooling and ventilation.

In order to implement the shock ventilation a BooleanPulse block, ShockVen-
tilation, is needed. The pulse duration per hour is calculated according to
[F.quation 4.15|

For cooling the two temperatures are converted and checked in the Hysteresis
blocks. One if the room is too warm and the other one if it is cold enough
outside for cooling. If both cases occur the conditions of the andTempLimits
are fulfilled. The second BooleanPulse block, CoolingVentilation, limits the
period of the cooling processes at the night. The reason for this is that there
is no overlap during the darkening. The andTempTime is active when there is
a need for cooling during night.

The output value is true if at least one of the two cases is active (Figure 4.30)).
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W5 o
=

andTempTime

—» and
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Figure 4.30.: Ventilation Control Model
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Ventilation

The model has an input and an output that connects it to the room and the
outside air. These two ports are connected to the VentilationControl which
delivers the ventilation status after processing. This signal and a Switch are
used to change between two Constant blocks. The value Ry, is the resistance
of the open window and was calculated with the entered window area and ay.
The other value is used for the closed state. It was chosen very high so that the
heat flow does not pass through this model. The component that requires these
values is a ConvectiveResistor that describes the resistance between portoutside

and portr,sige (Figure 4.31]).
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Figure 4.31.: Ventilation Model
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Results

The room of the SHAC house cools by approximately 0.3°C in 5 minutes of
ventilation while the outside temperature is —2.5°C. At this point, no heating
is running; the subsequent heating is provided by the heat stored in the walls,

ceilings and the thermal storage tank ([Figure 4.32)). A larger version of this
graphic is in the appendix [subsection A.2|

nnnnnnnnnnnnn

Time [min]

Figure 4.32.: Ventilation Result

4.8. Occupants

Purpose and Functionality

The occupants deliver a significant part of the thermal energy brought into
the system. One person has a heat power of 120 W just by being present [29,
pp. 321-322|. In addition to the presence the electrical consumption of the
people also contributes to the heat output. The annual value of consumed
electrical energy per person living in a single house is 2500 kW h when the hot
water is produced electrically. This value does not increase proportionally to
the number of residents. Each additional person requires 1000 kW h [30]. The
added electric energy amount is divided by the days using the HO profile [31].
The annual consumption of the profile is normalised to 1000 kW h.
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Application and Simplification

The user enters the number of occupants and the typical time period while they
are at home. With these data the heat power is calculated. This is determined
by the occupants presence and their electrical consumption.

The heating portion due to presence is calculated with a per person heating
capacity of 120 W . This power is multiplied by the number of occupants and
the time period of their presence. The result is a temporal curve of the heat
power due to presence.

The heating portion due to the electrical consumption can be calculated after
the user entered the numbers of residents. The value for the annual consump-
tion is calculated like 2500 kW h plus 1000 kW h times number residents minus
one. Then the HO profile is adjusted to this calculated annual value by a multi-
plication with the factor which describes the difference between the calculated
per year consumption and the reference value of the HO profile.

These two daily courses can now be added up to a resulting one. This resulting
curve describes the heating capacity of the occupants at each point in time.

Implementation in Dymola

The implementation is done with two subordinate models. One for the calcula-
tion of the power of the presence, the OccupantsPresenceHeating and the other
one for the calculation of the power caused by the electrical consumption, the
OccupantsElectricityConsumption. The output values of these two models are
summed and fed to a prescribedHeatFlow block. This provides the required heat
flow in the thermal domain which is put out at the thermal port. The second
output gives the value of the total heat energy after integrating the power and
subsequent unit conversion (Figure 4.33]).

OccupantsProsence

e prescribedHeatFlow

integrator

J y_TotalHeatEnergy
S e
KW.H

k=1

Figure 4.33.: Occupants Model
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Occupants Presence Heating

In this model a BooleanPulse block is used to specify the time window of pres-
ence. Based on its output the Switch changes between two constants. One
constant is 120 W and describes the power that a person heats with. The sec-
ond constant is zero and it is used for the case of absence. The output value
of the switch is multiplied by the number of residents. The result equals the

Ou‘tput YPower Presence-

Presence

k=120

presenceTime Switch Residents

m—[ > "‘/ y,&werpmeme

1d k=n_pers

.

Absence

k=0

Figure 4.34.: Occupants Presence Heating Model

Occupants Electricity Consumption

This model gets the HO profile as input using the CombiTimeTable block. This
table must be multiplied by a factor of 1e3 to convert the values from EW to
W. Then the values are multiplied by a factor of 2.5 in order to adjust them
to the actual annual electric consumption. Furthermore, a constant of 114 is
needed to add the value for each additional person. The value 114 is the power
calculated with the annual energy value 1000kW h. This constant is multiplied
by the value: number of persons minus one. This power value is now added
to the adjusted HO profile and is given out at the output ypowerEiecConsumption
(Figure 4.35)).
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HOTable kWtoW FactorPerPersonConsumpt
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Figure 4.35.: Occupants Electricity Consumption Model

Results

The heating energy that one person contributes to the household amounts to
2977kW h per year ([Figure 4.36)).
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Figure 4.36.: Occupants Total Heat Energy
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4.9. Gas Consumption

Purpose and Functionality

The inclusion of the gas consumption in this thesis has the following reasons.
One is that the gas price of the required gas is needed for the consideration of
the financial aspect. Another one is that an indication of the volume of the
consumed gas is advantageous for the planning of a house. It can be used in
order to calculate the size of a tank or the number of deliveries, insofar as the
gas is not purchased from the grid.

Application and Simplification

The gas price is assumed to be a constant value for the whole year and is entered
by the user. The gas prices used in this work are obtained from the website of
the city of Bregenz [32]. The concept of SHAC favours the use of 20 percent
bio gas. The price for one kW h is 6.62 euro cents.

In order to calculate the volume of consumed gas the user must enter the
calorific value of the gas. This value indicates how many kW h are contained
in one m? of gas.

Implementation in Dymola

The model receives the total power of the CHP as input. In order to calculate
the value of the used energy the power must be integrated. This energy is used
in order to calculate the price of the used gas and the required volume. Both
values result from a multiplication. The price is calculated by the gas price
and the volume with the calorific value. Both values generate the output to the

model (Figure 4.37)).

k=p_gas

y_GasPrice )
GasPrice
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asVolume integrator u_TotalPowerCHP

Figure 4.37.: Gas Consumption Model
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Results

The SHAC concept house requires 962 kW h of gas for the year 2021. This
amount of gas costs just under 400 € ([Figure 4.38)).
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Figure 4.38.: Gas Consumption Results SHAC 2021

4.10. Electricity Sale

Purpose and Functionality

In addition to thermal energy, the CHP also generates electrical energy. The
heating system is controlled by the price of electricity and is designed to sell
the electrical energy. The electricity price is traded on the stock exchange and
has fluent values throughout the day.
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Application and Simplification

When considering the price of electricity there are two possibilities. On the
one hand the electricity price can be assumed to be a fixed value. This value is
an average value of a defined period. This can be the case when a fixed price
has been agreed on by the electricity supplier. The other possibility is to use
the daily course of the electricity price. This curve is freely accessible [4]. The
assumption that one gets the same price for one’s own produced electricity is
a strong simplification. Both cases are considered in this work.

Implementation in Dymola

The model has two inputs. On the one hand the electrical power of the CHP is
imported. On the other hand the daily course of the electricity price is entered
into the CombiTimeTable block. There is also a constant that represents the
price of electricity when the value is fixed. The Boolean variable can switch
between these two (true = variable price, false = constant price). The user must
decide between the two. The calculation of the earnings is a multiplication
of the price and the electrical power. This amount is integrated in order to
determine the total profit of the electricity sale. The profit is the output of the

model (Figure 4.39)).
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Figure 4.39.: Electricity Sales Model
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5. Simulation

This chapter shows the advantages of the SHAC concept compared to other
residential buildings. All concepts use a CHP in combination with a thermal
storage as heating. A traditional house from the Vorarlberg region is used as
a concise example at the beginning. Due to the condition of the house, for
example no or a poor insulation of the walls, it is obvious that an enormous
heat energy is needed to keep the house at the desired temperature of 24°. The
resulting gas demand is correspondingly high, as are the associated energy costs.
In the next step, this house is renovated to demonstrate the improvements to
the previously simulated unchanged house. In a further simulation, the room
temperature is reduced from 24° to 22.5°. Again, the effects on the required
heat energy and the energy costs become apparent.The final simulation reflects
SHAC"s concept and consequently the greatest savings. The potential of the
idea becomes evident.

This chapter includes the results of the simulations. The comparisons of the
results can be found at the beginning of the next chapter.

5.1. S1: Traditional House

This use case describes a traditional house from the Vorarlberg area. These
buildings do not only consist of living space, because a large part is used purely
for agricultural purposes. The part that is used for living and consequently is
heated is limited to the right half in the example house in [Figure 5.1] As one
can imagine, this scenario describes the most inefficient case of all simulation
applications, since those kind of houses neither have well isolated walls nor
insulated windows and doors.

Figure 5.1.: Example Traditional House in Vorarlberg
source: [33]
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The parameters for the model of this house are listed in [Table 5.1} The param-

eters of the heat transfer coefficients are taken from the document of Energie

Tirol |34].
Table 5.1.: Parameters of the Case "Traditional House"
Parameter \ Value \ Unit \ Description
General
Nopers 2 Number of occupants
Tyoal 24 °C Desired room temperature
Design building
Ajoral 200 m? Total living area
M floor 2 Numbers of floors
Unall 2 myK Heat transfer coefficient walls
Uceiling 1 m\ZNK Heat transfer coefficient ceiling
Softwood Material of the walls and the ceiling
Rwall 2 m Height of the walls
twall 0.25 m Thickness of the walls
Leeiling 0.2 m Thickness of the ceiling
Concrete Material of the ground plate
L groundplate 0.2 m Thickness of the ground plate
Windows
g 75 % Energy transmittance windows
Ur 2.5 m\;VK Heat transfer coefficient windows
Awin 54+5+5+5=20 m? Window area
(East/South /West /North)
Heating System
Pheat 35 kW Heat power CHP
Concrete Material of the thermal storage
lrs 2.4 m Length thermal storage
wrs 2.3 m Width thermal storage
hrs 1.5 m Height thermal storage
Prices
Pgas | 0.0062 | € /kWh | Gas price

The graphs of the provided heat energy of the CHP, the heat energy generated
by the occupants, the thermal energy of the windows and the total heat loss to
the outside are shown in [Figure 5.2] Furthermore, the costs for the purchased
gas and the earnings from the sale of electricity are plotted. A larger version
of this graphic is included in the appendix [subsection B.T]
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Figure 5.2.: Results Traditional House

The required heat energy for the year 2021 is 60264 kW h. This amount and
the living space of the building result in a final energy consumption for space
heating per square metre of 301 kWh/m?.
As can be seen in the system can maintain the desired indoor tem-
perature for the first simulation scenario.

e

Th.Outsi pT  — heatC louse. HeatCapacityAir.T

mm

T T T
50 100 150 200 250 300 350
Time [d]

Figure 5.3.: Indoor Air Temperature Traditional House
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At the beginning, the room temperature drops because the first ventilation
interval starts at 00:00 and the heating cannot run at this time. The first
heating interval does not start until 07:00 in the morning.

The run time of the CHP can be calculated using the required heat energy and
the thermal power of the CHP. For this scenario, the heating system must run

about 1722 hours. The corresponding heating status is shown in [Figure 5.4, The
heating has to run almost every day, even if it’s not really cold outside.

heatingUnit.heatingControlThermalStorage.y_HeatStatus
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Time [d]

Figure 5.4.: Heat Status Traditional House

5.2. S2: Renovated Traditional House (T24)

This use case describes a renovated traditional house from the Vorarlberg area.
In this scenario all windows and the entire insulation of the walls and the top
ceiling have been brought up to date. The heat transfer coefficients for the
walls and ceiling are taken from the guideline [34].

The "T24" in the name represents the desired indoor temperature, which has
not changed from the previous scenario. Renovation is not uncommon and can
have a price advantage over new construction in certain cases.

The parameters for the model of this house are listed in [Table 5.2|
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Table 5.2.: Parameters of the Case "Renovated Traditional House (T24)"

Parameter \ Value Unit \ Description
General
Nopers 2 Number of occupants
Tyoal 24 °C Desired room temperature
Design building
Asotal 200 m? Total living area
M floor 2 Numbers of floors
Uall 0.35 mXYK Heat transfer coefficient walls
Uceiling 0.2 m\QNK Heat transfer coefficient ceiling
Softwood Material of the walls and the ceiling
hwall 2 m Height of the walls
twall 0.25 m Thickness of the walls
Leeiling 0.2 m Thickness of the ceiling
Concrete Material of the ground plate
T groundplate 0.2 m Thickness of the ground plate
Windows
g ol % Energy transmittance windows
Ur 0.7 m\QNK Heat transfer coefficient windows
Awin 54+5+5+5=20 m? Window area
(East/South/West/North)
Heating System
Pieat 35 kW Heat power CHP
Concrete Material of the thermal storage
lrs 2.4 m Length thermal storage
wrs 2.3 m Width thermal storage
hrs 1.5 m Height thermal storage
Prices
Pgas | 0.0062 | € /kWh | Gas price

The results of this simulation scenario are shown in The same six
sizes are illustrated again. A larger version of this graphic is included in the

appendix [subsection B.2|
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Figure 5.5.: Results Renovated Traditional House (T24)

The required heat energy for the year 2021 is 7383kW h. This amount and
the living space of the building result in a final energy consumption for space
heating per square metre of 37 kWh/m?.

In general, the thermal storage needs a higher temperature than the air inside
the house to achieve and keep the desired temperature. The temperature of

the thermal storage can be seen in the [Figure 5.6, At the beginning, the
temperature rises very sharply. The reason for this is the same as the one that

causes the temperature drop at the beginning and is explained in the previous
scenario.
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Figure 5.6.: Thermal Storage Temperature Renovated Traditional House
(T24)

A larger version of is included in the appendix [subsection B.3]

5.3. S3: Renovated Traditional House (T22)

In this scenario, the temperature has changed from 24 °C to 22.5 °C in compar-
ison to the previous scenario. This scenario is intended to show the influence
of a too high room temperature regarding the required heating power.

The parameters for the model of this house are listed in expect the
temperature.

The variables to be compared are shown in A larger version of this
graphic is included in the appendix [subsection B.4!
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Figure 5.7.: Results Renovated Traditional House (T22)

The required heat energy for the year 2021 is 5490 kW h. This amount and
the living space of the building result in a final energy consumption for space
heating per living space of 27.5 kWh/m?.

The decrease of the required total heat energy results that the heating does not
have to run so often. The heat status can be seen in [Figure 5.8
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Figure 5.8.: Heat Status Renovated Traditional House (T22)
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5.4. S4: SHAC Concept House

This scenario represents the concept created by the SHAC. A detailed descrip-
tion of the concept can be found in [section 3.3 The aim is to show how much
energy can be saved with this concept.

The parameters for the model of this house are as listed in [Table 5.3]

Table 5.3.: Parameters of the Case "SHAC Concept House"

Parameter \ Value \ Unit \ Description
General
Nopers 2 Number of occupants
Tyoal 22.5 °C Desired room temperature
Design building
Ajoral 35 m? Total living area
M floor 1 Numbers of floors
Ueall 0.35 m\%va Heat transfer coefficient walls
Uceiling 0.2 —K Heat transfer coefficient ceiling
Softwood Material of the walls and the ceiling
Rowall 2.9 m Height of the walls
twall 0.15 m Thickness of the walls
Leeiling 0.15 m Thickness of the ceiling
Concrete Material of the ground plate
Lgroundplate 0.2 m Thickness of the ground plate
Windows
g 51 % Energy transmittance windows
Ur 0.7 m\Q’YK Heat transfer coefficient windows
Awin 14+2+2+0=5 m? Window area
(East/South/West /North)
Heating System
Preat 2 kW Heat power CHP
Concrete Material of the thermal storage
lrs 24 m Length thermal storage
wrs 2.3 m Width thermal storage
hrs 0.5 m Height thermal storage
Prices
Dgas \ 0.0062 \ € /kWh \ Gas price
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The result of the simulation is represented with the same six variables as in the
three simulation scenarios before and are shown in [Figure 5.9] A larger version
of this graphic is included in the appendix [subsection B.5|
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Figure 5.9.: Results SHAC Concept House

The required heat energy for the year 2021 is 533kW h. This amount and
the living space of the building result in a final energy consumption for space
heating per living space of 15.5kWh/m?.

The second graph shows the temperatures of the air of the inside, the solids
and the thermal storage of the SHAC' concept house [Figure 5.10]
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Figure 5.10.: Temperatures SHAC Concept House

A larger version of this graph is available in [subsection B.6|
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6. Analysis of the Simulation
Results

This chapter is divided into two parts. The first part compares the results of the
four simulation scenarios from |chapter 5. The second part discusses individual
and more detailed results from the simulation model.

6.1. Comparison of Simulation Scenarios with
each other

The following naming in the graphs are from the previous chapter, e.g. S1
represents the first simulation, S2 the second one, etc.

6.1.1. Final Energy Consumption for Space Heating

The first compared value is the total energy consumption required for heating
per square metre per year. The individual values can be seen in

Final energy consumption (FEC) for space
heating - per square metre
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Figure 6.1.: Comparison Final Energy Consumption for Space Heating
From scenario 1 to scenario 2 there is a reduction of 264kWh/m?a. This is a
reduction of 87.7% of the energy used in case 1. The reduction is achieved by

adjusting the values to a renovated house that has new windows and insulation
to today’s standards.
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The difference between scenario 2 and scenario 3 is the lowering of the room
temperature from 24 °C to 22.5 °C. This lowering brings an energy reduction
of 9.5kWh/m?a, i.e. 25.7%.

Between scenario 3 and scenario 4, the size of the building has changed. This
results in a reduction of 12kWh/m?a, i.e. 43.6% of the previously required
energy. In this comparison, it becomes apparent that the internal gains by
occupants, that is the influence of each person living in the house has on the
energy consumption, has a disproportionate effect on the living space. This
aspect is discussed in more detail in [subsection 6.2.5|

Compared to the average value of the final energy consumption for space heating

per square metre and per year of 2018, that is illustrated in the
following reductions or increases in consumption are shown in

Comparison to the average FEC value 2018
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Figure 6.2.: Comparison FEC with Average Value 2018

6.1.2. Operation Costs CHP

The costs shown in reflect the actual costs for the operation of the
CHP per year. These costs result from the expenditure of the required gas
minus the income from the sold electricity.

62



Chapter 6. Analysis of the Simulation Results

CHP operation costs
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Figure 6.3.: Comparison CHP Operation Costs

In conclusion, based on the findings of this chapter, the use of a CHP in a small
housing concept can be ruled out. This finding reflects part of the nature of
the development process.

6.2. Further Simulation Results

6.2.1. Temperatures and Heating Status

This section considers the different temperatures of the simulation in combi-
nation with the corresponding heating status. All of them are included in

Figure 6.4

It can be seen that the thermal storage has a higher temperature in the cold
months than the air inside the house and the solids. In addition it is visible
that the air inside the house is too warm between days 150 and 280. A possible
solution of the problem is described in [section 7]

Another insight is that the heating is only active at the times, when the thermal
storage is warmer than the air inside the house and the solids. The CHP unit
must run for about 266.5 h to reach and keep the desired room temperature for
the year 2021.

The typical number of full load hours for a CHP plant is about 4,000 per year.
This value serves as a guideline for making a statement about the economic
efficiency of the system. [35]

In order to achieve more full load hours, it would be possible to reduce the
power of the CHP unit.
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A more detailed examination shows that the CHP needs to run at the beginning
and at the end of the year. It is evident that no operation is necessary between
day 45 and 72. Between these days, the outdoor temperature was rather high
before dropping again after day 72.
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Figure 6.4.: SHAC Concept House - Temperatures and Heating Status 2021
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6.2.2. Constant vs. variable Electricity Price

In the initial situation of this thesis, the use of the variable electricity price is
assumed. The reason for this is that the electricity price is very high at certain
times of the day and very low at others. represents the electricity
price profile of a day in the beginning of December 2021. It can be seen that
the price is highest at 9 am and at 5 pm and very low during the night.
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Figure 6.5.: Electricity Price Day Profile Dec.2021

Since the electricity price has generally increased significantly since mid-2021,
the annual profile of 2021 cannot be used for a meaningful prediction, as can
be seen in Therefore a further case is examined to investigate the
result of an average price of 40 euro cents per kW h. The value represents an
average price for the first half of the year 2022.
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Figure 6.6.: Electricity Price 2021
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The two cases, variable price and constant price, are quite different. With the
constant price, a total amount of €106.44 is achieved for selling the produced
electricity. The variable price only achieves an amount of €42.48. Furthermore,
the derivative of the curve is significantly different at the beginning of the year
and almost identical towards the end of the year due to the increase of the
electricity price (Figure 6.7). For a limited future outlook, the assumption
of a constant price is sufficient, but for a more accurate statement, a further

consideration, which is explained in [section 7, must take place.
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Figure 6.7.: Constant vs. variable Electricity Price 2021
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6.2.3. Ventilation

Ventilation is carried out through the windows in the model. On warm days,
the ventilation has to provide a cooling function in addition to the hygienic air
exchange. The following diagram shows how often the window is opened in one

day (Figure 6.8)). The 190th day in 2021 is used for the consideration.
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Figure 6.8.: Ventilation Window Status Day 190

It is evident that the window is open continuously at night, when people are
present and the outside is cooler. During the day, only the required air is
supplied to the room at the defined intervals.
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6.2.4. Gas Volume

The SHAC residential building requires 133 m® of gas to heat the living space
with the CHP unit for the year 2021.The increase in gas consumption can be
seen in As a comparison, if one stores the required gas in a tank,
the tank with the necessary size looks like the one shown in

Figure 6.9.: Gas Cylinder Bundle 143.2m?
source: [30]
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Figure 6.10.: Gas Consumption SHAC Concept House 2021
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6.2.5. Heat Energy of Occupants in Relation to Living
Space

The following two illustrations show that the internal heat gain of the occupants
have a disproportionate influence on the heat energy of the CHP. This effect
emerges at a minimum size of living space (approximately 20m? per person).
Thus, in the heat loss decreases normally, while in the
heat energy decreases strongly. The reason for this is that the percentage of
internal gains caused by occupants related to the heat loss rises sharply. In
the last case, the 20 m?, the heating is therefore only required at certain peak
values.
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Figure 6.11.: Heat Loss - Different Size of Living Space per Person
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Figure 6.12.: Heat Energy CHP - Living Space
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Conclusion

The goal of this Master’s Thesis was to investigate the use of a CHP in a small
and thermally efficient house. In order to realise this analysis, a dynamic sim-
ulation model was implemented in the object-oriented programming language
Modelica in Dymola. This model consists of nine components, which are all
developed in the process of this work. The development of these individual
components, as well as the linking to a complete model, was documented in

chapter 4]

In order to realise the verification of the use of a CHP unit with a linked thermal
storage, four different residential buildings were simulated (see [chapter 5]). The
results of the simulations were compared with each other in order to answer the
research question according to the findings of the comparison. It was shown
that a house with windows and insulation of the modern standard is not suitable
for the use of a CHP unit due to financial aspects. The considered factors were
the revenue from the sale of electricity and the expenses for the required gas,
which in total did not result in the expected high profit (see . In
addition to these two factors, the purchase costs of the heating system were not
even considered in this work, as the size of a profitable system clearly exceeds
that of a normal residential house.

As a result of the available findings, there is no constellation of components that
can guarantee a financially attractive generation of heat energy with a CHP
unit. Unfortunately, a residential house only becomes financially attractive
when it has a high heat loss. This can be caused by an enormously large living
area but also by poor insulation. Due to the constantly improving insulation
materials and the trend towards building smaller houses, the heat loss will
decrease in the future.

One possibility that produces a higher amount of electricity with a small and
thermal efficient house is to feed several of these housing units with a centrally
placed CHP unit. In any case, it is clear that in reality it is very difficult to
implement such a concept.

The most important insight besides answering the research question is, that
with a living space of 20 m? per person, the heat energy, at our latitudes, plays
only a secondary role. This is because the heat generated by the used electrical
energy and the occupants presence has a disproportionate effect on the system.
The result is that the required heat energy per square metre, in combination

with a very well insulated house, falls sharply (see [chapter 6)).
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In general, the simulation results and the associated concept depend heavily
on the exact location. There are many uncertain factors when considering
solar radiation. For example, months of shade from mountains or surrounding
tall buildings/plants can cause an interruption of the internal energy gains from
solar radiation. The concept would also have to be verified using a real building
with a known location, which is a future step for SHAC.

Nevertheless, an intelligent control of a CHP similar to the simulation model can
be financially attractive for already existing CHPs in hotels or large houses /facilities
as well as for new projects with a high energy demand.
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Further Work

Most of the following further work steps are directed towards the development
of the concept from SHAC. Some of the steps serve as general improvements
and are not only based on the SHAC' concept.

Air Conditioning

On warm, sunny summer days, the temperature rises into intolerable ranges
(Figure 7.1)). The heat input from the occupants and from solar radiation
is too high that the ventilation by windows could compensate it, when it is
also warm outside. The adaptation of an air conditioning system increases the
electricity demand and leads to a change in the total energy demand. The
SHAC system does not provide any air-conditioning so far, as it assumes the
simplest case. Further consideration should definitely include air conditioning
to reach most realistic results.

50
Time (6]

Figure 7.1.: Indoor Air Temperature SHAC Concept House

According to Kain, the use of air conditioning in Austria increases annual elec-
tricity consumption by about 15% on average. Of course, this value depends on
the house. [37] Especially in SHAC, very small and thermally efficient house,
this value is likely to be significantly below average.

One possibility to implement an air conditioning system in Dymola would be
to add a negative heat flow to the system using the PrescribedHeatFlow block.
The negative heat flow is defined with the power of the air conditioner and a
control that turns on the air conditioner when the temperature of the air inside
the house reaches the maximum limit of the desired temperature.
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Energy Performance Certificate Austria

The energy certificate is the central instrument for optimising the energy per-
formance of a building. It is used for new buildings, conversions or renovations
and provides a detailed calculation of the energy performance indicators of a
building and its energetically effective sub components. The energy demand
is calculated by means of energy gains and losses. Its function is to provide
information about the overall efficiency of the building. Thus, there are the
four parameters: heating demand (HW B), primary energy demand (PEB),
equivalent carbon dioxide emissions (C'O2.,) and energy performance factor
(feer) displayed in a well-structured graphic on the first page (Figure 7.2)).
This graphic provides a useful insight into the present building. The values in
the certificate correspond to an example used by the author and have no rela-
tionship with this work. Once issued by an authorised person, this certificate
is valid for 10 years.

@ HWB gef,sk @ PEB sk @ CO 2eq,sk @ f ceE sk

A++ A++ A++

Figure 7.2.: Values Energy Performance Certificate Austria
source: [38]

The energy certificate is a proven way to compare the results of the simulations
of new concepts. A closer look at this certificate and the associated compilation
of the values seems to be very useful. Subsequently, the required values can be
output, calculated or transformed from the simulation results.
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Heat Loss to the Soil

The heat loss through the floor of the residential building in the direction of the
soil is not considered because required temperature data is missing. It would
be interesting, insofar as the required data is available, to investigate this loss.
Whether and how significant this heat loss has an influence on the required
heat energy.

Variable Price 2022

Since the electricity price has been rising sharply since mid-2021 and remains
at this high level in 2022, considering the complete year 2021 is inappropriate
for the current and future position. For a more accurate future forecast, the
model must be used to look at the first half of 2022.
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Appendix

A. Modelling Results

A.1l. Outdoor Temperature Dornbirn 2021
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Appendix

A.2. Ventilation Results
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Appendix

B. Simulation Results

B.1. Traditional House

000

sisoQse” AuondwnsuoQseb ——

0008

so|eg|3 A'sajegAyouiose —

000

[p] oL
omm oﬁwm omr om:
[Pl owiy
omm omw ow_‘ omr
SSOTUIBD)ESH|EI0L ~ A'SMOPUIM ——
[p] oy
051 00l

omm

ABiauzieaH|ejol A BunesHsjuednooo ——

P E I

rv3as-

030

rv3as

ABisuziesHelo) punbunesy ——

g3l

ssoTjeaH|ejo ~A'ssofjeaHasnoy ——

[y-mil

[u-mil

111



Appendix

ABiauzjeaHejol yunbuneay ——

SsoTieaH|ejoL A'ssoTieaHasnoy ——

[p] oy
omm omm omu oﬁwm om 3 o@ L o,m 0
0
0oy
~~
2 008
T s)sopses Auondwnsuogsef——  sejeg|3 A'sajegAyouose ——
N
) [Pl owiy
0se 00¢ 0se 002 0SL 00} 0S 0
S L 1 L L L L 1 L L L L 1 L 1 L L 1 L L L 1 L L L 1 L L L L
3 0
H 0002
—
m ~000%
. m SSOTUIBDIESH|BJOL A'SMOPUIM —— ABiauzyeaH|ejo] ~A BunesHsjuednooo ——
.- [p] owiL
© ose 00¢ 0sz 00z 051 ool 05 0
a L 1 L L L L 1 L L L L 1 L 1 L L 1 L L L 1 L L L 1 L L L L
L S
T FyaL-
w 030
e
©
V =13
c
%
.
(q\

[u-mi]

[u-moi]



Appendix

B.3. Renovated Traditional House (T24) Temperature

Thermal Storage

heatingUnit.thermalStorage.heatCapacitor. T

Q
o
]
—
o
FQ
®
Q
Fo
39
o
o
39
g Q
o
2
[=3
o
2
Lo
o
—_—_——
T T T T T T T T T T T T T T T T ©
< [ Q ® © < [ o ® S 3 o Q N o
o] (RS < < < < (] ] © @ N 39 N N«

Time [d]



Appendix

[DEITT
00z o5t ool 05

L|l|\l|||L|LlltL|\l|1 o

008

00%
00§

009

1500589/ 0se6 —  soles|3 ™/ i -

[} oy
002 051 004 05

0004

0002

[u-motl

000¢

000%

ssoueOIesHelol A'smopum ——  ABiouzjeshijelol A Buneapsiuednaoo —

[} oy
002 051 004 05

vazL-
$30°1-
€308
€300
ﬁmqq.w
£302- 2
0300
€30

€307

B.4. Renovated Traditional House (T22)
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B.5. SHAC Concept House
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B.6. SHAC Concept House Temperatures
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