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Abstract
Energy modelling of houses and other buildings helps the designers to determine the
energy performance of the building at an early stage. It furthermore gives the
advantage of altering the building’s design early in the planning phase to ensure that
it fulfils requirements of increasing energy demands. Energy models also serve as a
tool to predict the energy consumption and thereby energy cost of running the
building. Energy modelling is becoming widely used but there are many uncertain
parameters associated with any energy model that should be validated for accuracy.
In this study a house was equipped with measuring equipment to verify the results
from two different energy models, an excel model developed by Iceland Innovation
Center and a 3D-model from Autodesk Revit using Autodesk Green Building Studio
for Revit. It furthermore serves the purpose of testing the quality and usability of the
measuring equipment used.
The report is conducted with a non-engineering approach which serves the purpose
of considering the energy models and their complexity from a non-engineering angle.
This is important, with lawmakers dictating the use of energy calculations and
simulation to some extent within the architecture profession.
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Mat á orkuþörf og orkunotkun í einbýlishúsi, með sérstaka
áherslu á orkunýtingu varmaskiptis í lofræstikerfi
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Útdráttur
Orkulíkön af húsum og öðrum mannvirkjum geta stutt hönnuði við mat á orkunýtni á
fyrstu stigum verkefna. Að auki geta slík líkön gert hönnuðum mögulegt að gera
breytingar á fyrstu stigum framkvæmdar með það markmið að uppfylla kröfur
varðandi orkunýtni. Einnig má nýta orkulíkön til þess að spá fyrir um orkuþörf
bygginga og áætla út frá því rekstrarkostnað. Orkulíkön eru nýtt í auknum mæli við
byggingarframkvæmdir en þó eru enn óvissuþættir sem varpa þarf frekara ljósi á, og
þar með auka áreiðanleika. Í þessu verkefni voru gögn frá mælingum í húsi borin
saman við tvenns konar orkulíkön, annars vegar Excel líkan þróað af
Nýsköpunarmiðstöð Íslands og hins vegar þrívítt líkan úr Autodesk Revit, hermt með
Green Building Studio for Revit. Einnig þjónar það þeim tilgangi að prófa gæði og
notagildi þess mælitækis sem notað er.
Í þessari ritgerð nálgast höfundur viðfangsefnið á almennan hátt. Almenn nálgun felur
í sér að sneitt er hjá flóknum tæknilegum atriðum. Slík nálgun á viðfangsefnið er
mikilvæg svo að sem breiðastur hópur hafi gagn af niðurstöðunum m.a. þeir sem setja
lög og stjórna því að hvaða marki líkanagerð og hermun líkana getur nýst arkitektum
og öðru fagfólki
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Chapter 1 Introduction & background
This thesis comprises energy auditing of a recently built house in the town of
Eyrarbakki. The energy use of the building is estimated through modelling and
monitoring. The monitoring system is comprised of sensors installed both inside the
house and on the outside, monitoring both the indoor climate and key meteorological
parameters. The recorded data are intended to be used to verify the modelling results.
The thesis is part of a research project carried out by Innovation Center Iceland
(NMI) led by professor Björn Marteinsson (BM). The project initially started out as
an internship between NMI and Daniel Axelsen. The Internship comprised
augmentation of an energy model developed by BM on the project house. This
model will be referred to as the BM-Excel model and will be used as the main model
in this thesis.
The main objective of the research was to finalize augmentation of the energy model
developed by BM and to some extent compare the results of the model with real life
data collected from the house. The house was equipped with censoring equipment
as part of this thesis as well. It will also serve as a test of the chosen sensor types
and the equipment that comes with it. This test will show whether this type of
monitoring system should be used in the future and also the complexity of it both in
terms of installation and usage.
Within the scope of the objective is a benchmark to compare the BM-Excel model’s
results against an energy analysis using a commercially available energy modelling
software. A number of different models exist. For this thesis a simulation of the
project will be carried out in a 3D BIM model using Revit Architecture and Green
Building Studio developed by one of the leading companies in the industry,
Autodesk. This benchmark test serves both as a comparison for results but also to
determine the complexity and usability of this exact software package and its
importance when designing houses with 3D-models and BIM software.
The Revit energy model is assumed to be a more sophisticated model as it has more
possible input parameters that can be adjusted, depending on building type, usage
and location. I will be using the standard inputs on small dwellings defined by
Autodesk to compare the result with the BM-Excel model’s results.
The project house is equipped with a heat exchanger located in a ventilation system
in the house. The Energy models include an assumed efficiency of the heat
exchanger. In this thesis a heat transfer efficiency estimate will be carried out based
on the data collected by sensors installed in the ventilation ducts of the ventilation
system to see if the assumed efficiency corresponds to the calculated.
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1.1 Thesis structure
Chapters 1 and 2 start with a general description on the matter of energy use in
buildings including a more specific view on energy use in buildings in Iceland.
After this introduction, chapter 3 describes energy models in general and their
purpose. This chapter includes an introduction and description of the basics on key
parameters for energy modelling – parameters that are used later in this thesis for the
two energy models. The chapter furthermore looks at possible inaccuracies due to
input assumptions or other factors regarding the usage of the house.
Chapter 4 is a presentation of the project house this entire thesis is based on. It
describes the house both in terms of location and construction. The installed heat
exchanger in ventilation is also described here. The chapter furthermore looks into
the legislation on energy through the Icelandic building regulations. At the end of the
chapter the energy loss through the building envelope is evaluated.
Chapter 5 is a description of the two energy models used in this thesis. This chapter
also presents the results of the models. Chapter 5 furthermore looks into a method
using probability analysis on the result of the BM-model to correct for uncertainties
within the model.
The chapter starts with a description of the main model; the BM-Excel model and its
results. Then the probability analysis is applied and its result presented.
Next, the Autodesk Revit and Green Building Studio model is described and its
results presented.
Chapter 6 focuses on the monitoring systems installed in the project house. Here the
physical equipment and its placement are described. The chapter furthermore looks
at how the data is collected from the monitoring systems. At the end of the chapter
the challenges and problems that occurred throughout this installation and monitoring
period are discussed.
Chapter 7 is a presentation of the acquired data collected by the monitoring systems.
The data in this chapter is presented through figures based on collected data.
Chapter 8 is the part that compares the results of the acquired data as well as the result
from the modelling. The comparisons are carried out to the extent possible based on
the acquired data.
Chapter 9 sums up the discussions and draws conclusions on the results of the
research.
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Chapter 2 Energy use in buildings
Historically, the energy use in buildings has changed. Before the 1970s the focus on
energy use in buildings wasn't of big concern. With the oil crisis in the 1970s and
1980s energy consumption suddenly became a topic concerning most people. With
America’s support of Israel in its war against Egypt, Arabic oil producing countries
decided to boycott the west and especially America. The boycott caused the price of
1 barrel of crude oil to rise by 400% in 1974 [1].
Back then, private oil burners were widely used and many power plants were running
on oil as well. This meant that the incentive for lowering energy consumption in
buildings became important.
Throughout the last 30 years the focus on improving insulation and optimizing energy
use in buildings has resulted in a great reduction in energy consumption in terms of
heating energy for buildings. In recent years the incentive has changed towards a
focus on the emission of greenhouse gasses in order to minimize global warming and
provide a sustainable environment [2].
Rising temperatures caused by global warming may contribute to changes in the way
energy is consumed in buildings. In areas were heating used to be the main demand,
the demand for cooling is now growing [2]. If this global phenomena is to continue it
is important to adjust to this change and make provision for the cooling demand in
buildings so that the design can adapt to users’ requirements.
Another focus area affecting the energy consumption in buildings comes from the
demand of creating a good indoor climate. A good indoor climate helps the users of
a building to maintain good health. With new buildings becoming almost hermetically
airtight, the need for good ventilation systems is increasing. This is due to the need
for fresh air as well as the increased risk of fungus growth caused by the high moisture
content of the air within airtight buildings. In order to meet the increased demand for
a good indoor climate with a minimal use of energy, there is a need for a smart
solution in implementing a ventilation system, especially in small dwellings.
With today’s regulation requirements for increased insulation and airtightness of
buildings, the primary energy consumption generally has shifted towards a decreasing
heating usage. The energy consumption from electrical appliances, however, is
following an increasing trend. This change in energy consumption is not only
explained by changes in the design of buildings. It is also the result of a change in the
way we live. Today most people in the western world have a multitude of appliances
and other electrical equipment, such as dishwashers, dryers, PCs, tablets, TVs, cell
phones etc., all of which contribute to an increased electrical energy consumption. In
fact, according to a Danish study conducted by Statens Byggeforskningsinstitut,
(SBI), about 70% of the total energy consumption in buildings in Denmark in 2008
was electrical consumption [2].
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In order to be able to minimize the energy usage of a building cost-effectively, a
strategy must be implemented at the design stage. Here, the focus must be on both the
heating, ventilation and air conditioning systems (HVAC), as well as the building
envelope (external walls, ground floor slab, windows/doors and roof). The building
envelope comprises elements such as the type of insulation and thicknesses as well
as types, areas and placement of glazed areas. In fact a 50-75% reduction in energy
consumption compared to buildings designed in 2000 is achievable if a clever design
is carried out [3].
The changed energy profile dictates a change in paradigm in terms of where the
energy is used and thereby not only focuses on the energy in terms of heating, as the
main energy consumption no longer comes from there. The focus on energy efficient
buildings should maintain but adapt accordingly to how the energy is used. One
example of a good energy efficiency standard is the German passive house standard
[4]. The requirements for a building built according to the German standard are as
follows:
“1.The Space Heating Energy Demand is not to exceed 15 kWh per square meter of
net living space (treated floor area) per year or 10 W per square meter peak demand.
In climates where active cooling is needed, the Space Cooling Energy Demand
requirement roughly matches the heat demand requirements above, with a slight
additional allowance for dehumidification.
2. The Primary Energy Demand, the total energy to be used for all domestic
applications (heating, hot water and domestic electricity) must not exceed 120 kWh
per square meter of treated floor area per year.
3. In terms of Airtightness, a maximum of 0.6 air changes per hour at 50 Pascals
pressure (ACH50), as verified with an onsite pressure test (in both pressurized and
depressurized states).
4. Thermal comfort must be met for all living areas during winter as well as in
summer, with not more than 10 % of the hours in a given year over 25 °C. For a
complete overview of general quality requirements (soft criteria) see Passipedia[5].
All of the above criteria are achieved through intelligent design and implementation
of the 5 Passive House principles: thermal bridge free design, superior windows,
ventilation with heat recovery, quality insulation and airtight construction.”
As quoted above, the standard focuses on decreasing a building’s energy usage in
terms of heating but completely leaves out the electrical consumption. In order for a
standard like this to work and keep its importance, it must be adapted according to
today’s energy profile.
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2.1 – Energy use in buildings in Iceland
Iceland is a country enjoying the benefits of having vast amounts of energy running
right under its feet due to the country’s geographical location. The country is situated
right above the mid-Atlantic ridge, which connects the European and North American
tectonic plates. The ridge between the two plates is a divergent plate margin, meaning
that the two lithospheric plates are moving apart causing a rift through Iceland. This
process creates movement in the underlying asthenosphere allowing magma to rise
up and out through the lithosphere. This process produces the great geothermal energy
that Iceland is experiencing [6].
Iceland utilizes its geothermal energy in the form of geothermal power, and in fact
about 90% of Iceland’s hot water, both in terms of space heating and tap water, comes
from geothermal energy provided by the world’s largest geothermal district heating
system [7]. The development of the use of geothermal energy for space heating
between 1970 and 2013 is shown in figure 2.1. Iceland does not only benefit from its
geothermal resources; hydropower also plays a substantial role in Iceland. In fact,
72% of Iceland’s electricity production in 2014 came from hydropower[8]. Of the
remaining electricity generation, 25% came from geothermal electricity generation[9]
and the rest from wind turbines and imported fuels (petroleum derived) [10].

Figure 2.1 - Source of energy for space heating in Iceland the past 43 years [11]
The geothermal energy is a sustainable energy source and Icelanders benefit from this
by achieving low space heating and hot water prices. Icelanders living in the greater
Reykjavik area pay about 3,2 ISK pr. kWh [12] (number from 2013) and Icelanders
living in areas with more expensive geothermal district heating pay about 4,8 ISK pr.
kWh [12]. This is substantially less than neighbouring Scandinavian countries like
Denmark pay. In Denmark the price of hot water is about 13,8 ISK pr. kWh [13] for
district heating (water carried, not steam. 2013 prices).
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As mentioned in the previous chapter, factors such as rising energy prices and
emission of greenhouse gasses are the main global reasons for reducing energy
consumption. The main incentive for Iceland to lower its energy consumption is the
price of energy and, more precisely, the price of energy in areas where energy prices
are higher. These areas are categorized as geothermally cold areas. Some towns and
many rural farms in Iceland are in fact not even connected to a central heating grid
and are therefore 100% reliable on electricity for heating. People living in these areas
have to pay close to 8 ISK pr. KWh (2013 prices) as illustrated in figure 2.2.
This is where the real incentive for saving energy kicks in. It is furthermore not only
a great incentive for the people living in these areas but also for the state, as electricity
prices for space heating are subsidized with around 4 to 5 ISK per. kWh by the
government [12].

Figure 2.2 – Energy prices compared for residential heating in 2013[12]
Icelanders have the possibility of receiving subsidies from the government if they
fulfil one or more of the following three points according to Icelandic legislation [14]:
1. ”Niðurgreiðslu kostnaðar við hitun íbúðarhúsnæðis hjá þeim sem ekki eiga
kost á fullri hitun með jarðvarma.
2. Greiðslu styrkja vegna stofnunar nýrra hitaveitna og yfirtöku starfandi einkaleyfishitaveitna á einkahitaveitum.
3. Greiðslu styrkja vegna umhverfisvænnar orkuöflunar og/eða aðgerða sem
leiða til bættrar orkunýtingar við húshitun.”
Number 1 states the possibility of amortisation of heating expenses when a house is
not fully heated with geothermal energy. This only applies for permanent residents,
and houses with full-time occupancy.
Number 2 states the possibility of receiving payment of subsidies for establishing
new, or taking over existing, private central heating companies.
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Number 3 states the possibility of receiving payment of subsidies for using what is
considered green electricity for heating or by establishing energy efficient heating in
your house.
The subsidies described above are split in to two different categories; feed-in tariffs
and up-front tariffs: The subsidised amount depends on where in the country a person
is situated. There is one rate for rural areas and one for urban areas. In urban areas the
possibility of subsidies as a feed-in tariff are 3,93 ISK/kWh of electric consumption
for space heating up to 40.000kWh per year [14]. In rural areas the subsidies are
somewhat higher and the possible subsidy here is 5,31 ISK/kWh of electric
consumption for space heating of up to 70.000kWh per building per year [14].
These subsidies can also be received as an upfront tariff for establishing or changing
to an energy efficient heating system; for example, if one were to install an airair/ground-air heat pump or a heat exchanger in his/her house. The user would then
receive an upfront subsidy scaled according to average annual energy use in kWh,
instead of receiving annual subsidies. This upfront subsidy can equate to a maximum
annual energy use of 40.000kWh for urban areas and 70.000 for rural areas. The
maximum upfront subsidy possible in urban areas equates to 8 years multiplied by
the average electricity usage for space heating up to 40.000kWh per year [11]. The
user then does not receive any subsidies in the first 8 years after receiving this upfront
subsidy and is obligated to pay the full price per kWh of electricity used for space
heating in that period of time.
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Chapter 3 Energy modelling background
3.1 The purpose of energy modelling
The previous chapters discuss the energy use within buildings as well as the
importance of implementing the correct solutions at an early stage of the design phase
when planning a new house. An efficient way to do this in terms of energy use and
losses is to run an energy model on the proposed project.
Energy modelling consists of an analysis of the building design in terms of its
predicted energy use for the respective location. The results can be used to make
changes at an early stage of the design to optimize and fulfil requirements set by
building authorities and the building owner regarding energy use and indoor climate.
There are a number of different energy models available on the market, which require
different levels of details regarding the building information. The more information
needed the more assumptions and possible errors are present. Each individual model
therefore can provide a different result but it cannot be said that one is necessarily
more accurate than another as there are no known models that give a precise result.
This is important to bear in mind when working with these kinds of models.
Energy models can be created based on complicated 3D models equipped with
detailed information on all building parts as well as location and climate data for the
given area. The information provided is then processed in a simulation providing a
variety of results. The results can be useful for the designer/planner to make sure that
the energy losses and overall energy consumption are within the limits set by local
building regulations. The results can furthermore be useful for the building’s owner
or end user, as they can provide guideline information on the building’s monthly or
annual energy consumption, indicating the costs of running the building. This is
especially useful for larger commercial buildings where either private investors or
municipalities have to budget for the energy costs. It also a useful tool to benchmark
different options against each other in order to pick the most beneficial solution. By
benchmarking different options, the owner also gets more clarity on the investment,
as the capital expenses might not be as important as the lifecycle costs. In this case,
the owner might choose a more expensive system in terms of installation costs if the
running costs are less and therefore provide a cheaper and more trouble-free solution
over a life cycle of, for example, 10, 20 or 30 years. Furthermore, the results can be
used to clarify CO2 emissions, an issue that larger commercial buildings especially
commonly focus on.
Simpler energy models can also be created using programs such as Excel, MATLAB
etc. Here, the information on building parts is described and used together with other
parameters such as climate data, sun radiation, ventilation systems (if present),
number of habitants, tap water etc. The precision of the end result very much depends
on the precision of the parameters included and these parameters are all much affected
by the number of inhabitants, which is extremely difficult to account for.
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It is important to consider energy modelling as a guideline and not as an exact
predictor, as many parameters can influence the result. The key parameters used in
energy modelling are described in the following sections.
Energy modelling is an important tool in preliminary planning when designing a
building. It is, however, important to mention that the focus in energy modelling
should be adapted to include a stronger focus on electricity use due to the changed
energy profile in dwellings. It is a difficult procedure as it can be difficult to predict
users’ electricity use as well as the number and type of electrical appliances. Also,
such information is likely to vary between countries. The difference in energy prices
could, for example, affect the behaviour of the user and the way in which he or she
thinks about turning off appliances, as well as the incentive to buy energy efficient
appliances. A way to deal with this could be by adding assumptions in the model
based on country or regional data concerning typical electricity use per user.

3.2 Key parameters in energy modelling
When working with an energy model, a number of parameters must be defined, or to
some extent assumed, in order to get a reliable result. These parameters vary in terms
of detailing from the complexity level of the used energy model. The following
parameters must however be defined to some extent in order to obtain a useful
result[15]. The key parameters are:
•
•
•
•
•
•
•
•
•
•
•
•
•

Building type
Building location
Weather data
Internal temperature
Usage type
Number of occupants
Installations
Internal heat gain
Other electric usage
Cold bridges
Infiltration
Ventilation losses
Heat transfer and the building envelope

3.2.1 Building type and location
The type of building must be defined; is it a one-storey single family house, an
apartment building or perhaps a school or hospital? This is especially important when
using complex models with predefined data inputs depending on building types.
Where the building is geographically located and what directions the façades face
must also be determined. The presence of any significant shading must also be
determined. This can be from trees, mountains, roof overhangs or other objects
blocking the incoming solar and sky radiance.
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3.2.2 Weather data
Based on the previous point, this defines the mean temperatures, solar and sky
radiation humidity and wind velocity. Typically, monthly mean values from a
reference year are utilized in simpler models like the BM-Excel model, whereas more
complex models can utilize forecasts based on historic weather data for dating many
years back. Others use data recorded in given years and the model calculates for that
chosen year.
Once again, depending on the complexity of the used model, the mean temperature
values can simply be the average temperature, also known as dry bulb temperature,
during each month based on the previous year. They can, however, also be a
combination of dry bulb and wet bulb temperatures.
The dry bulb temperature is the ambient air temperature, which means the
temperature measured by a thermometer.
The wet bulb temperature is the adiabatic saturation temperature. When adiabatic
evaporation of water and the cooling effect of it is measured, it is called the wet bulb
temperature. The wet bulb temperature is always lower than the dry bulb temperature
and above the dew point temperature where the moisture in the air condensates. The
differences between wet and dry bulb temperatures are defined by the humidity of the
air present.
The sun and sky radiation has a significant importance to the overall result. It is
energy that is received primarily through glazed areas and it accounts for a large
amount of energy. It is energy that is not consumed in a traditional way, but simply
is present, and it therefore accounts on the positive side of the energy calculation as
it can be subtracted from the primary energy consumption.
Wind velocity is also a parameter within the weather data parameter that should be
considered. The wind velocity affects the infiltration of outside air into the building
and affects the air change losses in the house.
3.2.3 Internal temperature
The internal temperature has a great effect on the energy performance of a building.
Simpler energy models, like, for instance the BM-Excel model, which work with one
parameter concerning the indoor temperatures, simplify the actual 24-hour heating
profile. This is typically assumed to be to 21°C. This temperature is an average
temperature of the assumed 24-hour heating profile of the house. More complicated
models define a set point temperature for both heating and cooling (if present).
The set point for heating ensures that the internal temperature never goes below this
value, while the set point for cooling will not be exceeded. The internal temperature
can fluctuate between these set points. The set points are commonly set at 20°C for
heating and 26°C for cooling. These model types typically also let the user define
zones within the building where set points can differ.
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In Denmark rooms heated between 5°C and 15°C can be left out of the energy
calculation. If the room is chosen to be left out, all energy from light, ventilation and
heating is left out of the calculation. If, however, the room is chosen to be included,
it must be calculated as having a temperature of 20°C[15]. In the Icelandic building
regulations there are no definitions regarding energy modelling. The definition only
describes the maximum U-values for the building envelope encompassing rooms
heated from 10°C to 18°C and 18°C and above. These temperature ranges vary from
country to country with the respective building regulations. The heated floor area also
differs, being either gross or net area depending on the country’s definition.
3.2.4 Usage type and number of occupants
This parameter defines how many people use the building and for how many hours a
day/week/month. It also defines for what purpose the building is used. The parameter
influences the amount of hot water, electricity and heating, and how they are used. It
is also the most difficult parameter to define as it often varies even within short
timelines.
3.2.5 Installations
This includes the energy spend on hot water, electricity, mechanical ventilation and
heat exchangers, if present. Installations are very much connected to the usage type
and number of users, and there are big uncertainties among the parameters of this
category.
3.2.6 Internal heat gain
This is the heat energy received from warm bodies (people) and excess heat from
electrical appliances. This parameter is closely connected to the usage type and
number of occupants, and is therefore very difficult to determine precisely. In
Denmark there is a standard definition which stipulates using 4 W/m2 for people and
6 W/m2 for appliances[15]. The actual usage, however, is expected to deviate much
from this standard definition.
3.2.7 Other electric usage
This includes external lighting and heating. This parameter depends on the building
regulations but is normally not a part of an energy calculation. However, it is good to
be aware of the fact that it is present.
3.2.8 Cold bridges
This refers to areas where materials with high thermal conductivity penetrate the
building envelope through the insulation material. This can be, for example, a
concrete balcony attached to the loadbearing inner wall or floor.
3.2.9 Infiltration
This parameter deals with the airtightness of the building envelope. The infiltration
is defined by Danish standards from the following:
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Table 3.1 - Calculation principle for infiltration[15]
Infiltration, qinf (l/s/m²)
0,06 x q50 + 0,04
0,06 x q50

Within usage time
Outside usage time

Here, q50 is the airflow through the building in l/s/m² measured at 50 Pa pressure
difference in both under and over pressure. The factor used to translate the building
envelope’s air leakage at a pressure difference of 50 Pa when performing a
blowerdoor test is taken as 0,06. In realistic conditions the infiltration will vary
depending on the amount of wind blowing at the different surfaces of the building.
The value of 0,06 is defined by SBI to match a typical Danish dwelling with no
ventilation channels. The location is in an open landscape surrounded by other houses
and vegetation half the height of the calculated house. The house is situated in a
typical Danish climate with wind speeds of 4,5m/s and external dry bulb temperatures
of 1,5°C[15].
The 0,06 factor must be considered when using in other climates, such as the Icelandic,
with wind speeds, landscape and temperatures being quite different.
Icelandic building regulations describe a maximum infiltration of 3m3/m2 per hour.
3.2.10 Ventilation losses
Ventilation losses covers energy losses through both natural and mechanical
ventilation.
In general, ventilation losses are calculated by the definition in DS418:2011
Beregning af bygningers varmetab. The following is a translation, the original Danish
text can be found in appendix 16.
Ф =    (Ө − Ө )
“Where:
Ф , ventilation loss in W
, the air density in kg/m3
C, specific heat in J/kg K
Q, airstream from external air added to the room in m3/s
Ө , dimensioned internal temp in °C
Ө , dimensioned external temp in °C
At 20°C and 1013mbar is c = 1005 J/kg K, and  = 1,205 kg/m3 (dry air)
For normal rooms the difference in air temperature and internal temperature
is not accounted for[16].”
Losses through natural ventilation covers leaks in joints around windows and doors
located in outer walls or the roof. The calculation of natural ventilation is defined in
DS418:2011 by the following:
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“Here the airstream q is calculated from the amount of outside air in l/s per
heated floor area in m2. The calculation looks as the following.
Ф = 

ԛ


A (Ө − Ө ) ≈ 1,21 q A (Ө − Ө )

qa is the amount of outside air in l/s
A is the heated floor area in m2
For qa the value 0,3 l/s per m2 is used for rooms like living rooms, toilets and
kitchens. For larger rooms like storages etc. the value used is lower and
typically 0,18 l/s per m2 is used.
These values are difficult to verify and therefore carry great uncertainty. If it
is expected that the air leaks are greater and thereby causing an air stream
higher than 0,3 l/s per m2 then the loss instead can be calculated by knowing
the length of all joints around the calculated room, the air penetration of that
room and the location of the building. The airtightness on joining elements in
windows and doors are typically specified by the manufacture. If not however
the definition suggests 0,5 ⋅ 10-3 m3/s per joint between fixed frame and
opening mullions at a normal location and 0,8 ⋅ 10-3 m3/s in exposed location
– meaning by the sea or other open and windy areas[16].”
For mechanical ventilation systems, such as the heat exchanger present in the
calculated house in this thesis, the ventilation losses are calculated differently.
Here the energy loss calculations are based on the specifications of the system and it
is accounted for that infiltration through ventilation ducts are present. The infiltration
and exfiltration through the system pipes are affected by external conditions such as
wind velocity and temperature. The calculation differs depending on the type of
system. For a ventilation system with a heat exchanger like the one present in this
project, it is defined by the following:
" Ф =    +  Ө − Ө  −    Ө − Ө 
Where:
q1, airstream from outside through system in m3/s
q2, exhaust air in m3/s
q3, airstream of exfiltration in m3/s
q4, airstream of infiltration in m3/s
, the air density in kg/m3
c, specific heat in J/kg K
Ө , dimensioned internal temp in °C
Ө , dimensioned external temp in °C
Ө , external air temperature after heat exchanger unit in °C
The same air conditions for q is a requirement e.g. 20°C and 1013mbar and
that  is in the same condition. Furthermore the temperature increase Ө −
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Ө through the system must only come from the heat exchanger. Ө is defined
by the data on the heat exchanger unit.
q1 and q2 is determined under normal operation. Normally q1 is slightly lower
than q2. q3 is determined with consideration to the airtightness of the building,
usage and location. In buildings where the airtightness of the building
envelope is examined under pressure test with 50Pa (q50) exfiltration is within
usage time is determined by 0,04 + 0,06 ⋅ q50 l/s m2. Outside normal usage
time exfiltration is determined as 0,06 ⋅ q50 l/s m2.
The ventilation loss can be covered by additional heat from air treatment
components, like heat exchangers such as radiators in rooms where external
air is added.

Figure 3.1 – schematic explanation of mechanical ventilation loss calculation[16]
A schematic explanation of the calculation is illustrated in figure 3.1. The
large square represents the area that is calculated, this can include more than
1 room.”
3.2.11 Heat transfer and the building envelope
With temperature differences comes heat transfer. The greater the temperature
difference is, the faster the heat transfer through the building envelope becomes. Heat
is always transported from the warmer area towards the colder area, meaning from
the inside towards the outside on most days of the year in Iceland. Other countries
with warmer climates do experience heat transfer from the outside in. As long as there
is a temperature difference, heat is transferred. When temperatures become the same
in both areas, heat transfer stops and thermal equilibrium is achieved[17].
Other factors influencing the heat transport through the building’s envelope are the
thermal resistance (R-value) to heat transport. The thermal resistance of a material
located between the hot and cold area dictates the speed of the heat transport and
thereby the heat loss as defined over time.
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Heat transport is heat energy and is present as three different types; radiation,
conduction and convection.
Radiation is present through electromagnetic waves coming from hot surfaces, like
the sun for instance.
Conduction heat transport is transferred by direct contact from the molecules of a
warm surface to the molecules of a cold surface. It can also happen when a liquid or
gas flows and transports the heat of the source media with its flow.
In convection heat transport, molecules in the air colder than any surface absorb the
heat. The molecules then expand and rise, taking the heat energy away from the
surface. This is the process used by a radiator or convector, which the name also
describes.
Thermal conductivity (λ−value) and thermal resistance (R-value) are the properties
of a material defining its heat conducting capabilities. It is also from these two values
that the thermal transmittance (U-value) is calculated. The U-value is the used value
in energy models concerning energy losses through the building envelope. The three
values are defined as follows:
λ –value The symbol lambda (λ) in energy terms describes the thermal conductivity
of a material. The unit is in either W/mK or mW/mK. The lambda value describes the
amount of heat energy with a temperature difference of 1°C on each side, that can
pass through 1m2 of 1m thick material[18].
The thermal conductivity, λ, is a parameter describing the thermal characteristics of
the material. A material with low thermal conductivity has good insulation qualities.
The lambda value is essential in estimating the thermal resistance of each material
layer (R-value), as well as the thermal transmittance of a whole building element (Uvalue).
The lambda value is either specified as a declared value or design value. The declared
value is the value given by the manufacture. This value is based on measurements
carried out in a lab with specific temperatures and moisture content.
The design value is the value that is to be used for calculating the U-value. The idea
with the design value is to consider the variability in the lab measurements to the
actual variability in the real construction. The difference in the design and declared
values comes when average temperature and moisture content differ from each other.
It has, however, proven not to be as important as originally thought and it is therefore
only relevant for the slab where the declared value must be multiplied by a factor 1,2.
In the rest of the building, the design value and declared value are now considered to
be equal [18].
R-value is a measurement of a material’s thermal resistance. It is an indicator for a
material’s resistance to conductive heat transport. The R-value is specified through
the unit m2K/W. It describes the heat resistance through 1 m2 of material [18]. The
R-value can be calculated when the λ-value is specified with the following formula:
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R = material thickness in meter / λ

(1)

Table 3.2 depicts thermal resistance of different materials. As shown, metals typically
have a very low thermal resistance as they transfer heat quickly and efficiently. Wood,
on the other hand, has a moderately high thermal resistance.
Table 3.2 – Thermal resistance of certain materials[17]
Material
Metals
Masonry
Wood
Glass
Air

Thermal Resistance
Very low
Moderately low
Moderately high
Low
Best resistor commonly found in buildings

U-value is the thermal transmittance of a whole building element. The unit is W/m2K.
The U-value describes the overall amount of heat energy when the temperature
difference is 1°C on each side of the element that is transferred through 1 m2 in 1 hour
[18]. The U-value is calculated by the following formula:
U = 1 / ΣR

(2)

This is the reciprocal value of the sum of thermal resistance (R-value). This formula,
however, doesn't account for other factors than the materials in an element. In order
to account for other factors, ∆U must be added into the equation. These factors can
be inconsistency in insulation and therefore air cavities (∆Ug), mechanical fixing
(∆Uf), which can be long screws for fixing insulation to the loadbearing element, e.g.
a concrete wall, and reversed roofs (∆Ur), where rainwater is running between the
insulation layer and the waterproof membrane of the roof.
∆U = ∆Ug + (∆Uf) + (∆Ur).

(3)

How to calculate ∆Ug,,∆Uf and ∆Ur is described in Danish standard DS418:2011 –
Beregning af bygningers varmetab. An example of such a calculation can be found in
section 4.4.1.
Temperature differences and heat flow also affect the flow of humidity and water
vapour in the air. Humidity and water vapour is present in air at all times; the
difference is the amount of water vapour present at a given time. Warm air contains
more water vapour than cold air, and warm air can also hold more water vapour than
cold air.
Air has a maximum amount of water that it can contain; the amount of water vapour
is typically below that level. At those times when the maximum possible water vapour
in the air is reached, condensation begins. The condensation process is present on
either cooler surfaces as water, or in the air as fog and rain.
The expression relative humidity refers to the amount of water vapour present in the
air divided by the maximum possible amount of water vapour in air at a certain
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temperature. This means that at a relative humidity of 50%, the air contains half of
the maximum possible vapour at the given temperature.
When the air temperature goes low enough it reaches the dew point. The dew point is
when the relative humidity is 100%. When the air cools below the dew point, the
water vapour condenses by changing from a gas into solid water droplets. The water
vapour, however, only condenses until 100% relative humidity is maintained. The
remaining water vapour remains in a gaseous state in the air[17]. The most optimal
internal relative humidity for humans is considered to be within a 20-50% range. With
higher relative humidity, sweat cannot evaporate off the skin, and it becomes more
difficult to cool off. This often occurs during summer time when the warmer air
contains more water vapour, which means higher relative humidity.
A family of four produces about 11kg of water vapour per day[17]. This is emitted
both from breathing and sweating, as well as cooking and washing. With houses
becoming more and more airtight this is a significant add on to the relative humidity
inside the house and can cause extra condensation, especially around colder surfaces
such as glazed areas. This condensation can eventually lead to moulding if not treated.
The moisture, however, doesn’t only show in visible areas of the building. It also
becomes present within the building envelope. As moisture content in the air rises
inside the house, a vapour pressure in the air is created. This makes the water vapour
expand into areas where the vapour pressure is lower – for instance, inside the
building envelope.
The external walls in a house experience hot, moist air on the internal side and cold,
drier air on the external side (Icelandic climate). This makes the water vapour migrate
through the wall from the moist internal side towards the drier external side. The
humidity thereby follows the heat flow through the building envelope.
With most materials having only some or moderate resistance to water vapour, it can
easily migrate into the building envelope if not prevented. The big problem with this
is when the temperature reaches below the dew point and water condensation within
the building envelope occurs. The condensation creates a lowering of the vapour
pressure within the building element and, as a result, more moisture is pushed in from
the warmer side. The inside of the building element then becomes more and wet over
time.
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A wet inside of a building element can cause a number of issues. The insulating
material, such as Rockwool, collapses and sink together and loses its insulating
capability. A higher heat flow will then be present, resulting in a higher heat loss. If
the building element, e.g. a wall, is built of wooden studs, these will become wet and
rot over time. If steel studs or other mechanical fixings
are present, these can corrode over time, despite noncorrosive treatment. Furthermore, a wet and moist
environment close to the warm side is a breeding ground
for fungus. This is a serious health concern both for
people and animals and if not found in time can lead to
hospitalisation and lung and respiratory diseases[17]. In
order to prevent the travel of moisture into the building
envelope, a vapour barrier must be installed when
building the house. This is typically in the form of a thin
plastic foil.
It is extremely important that the vapour barrier is
located on the warm side of the building element to
prevent the moisture from reaching cooled air and
Figure 3.2 – External
creating condensation within the building element.
wall with and without a
Figure 3.2 illustrates an external wall and the effects of
vapour barrier[16]
water vapour in air with and without a vapour barrier.

3.3 Inaccuracies in energy modelling
As mentioned, energy modelling should be used as a guideline tool as many input
parameters are based on assumptions. These assumptions are based on previously
gathered data and can therefore be inconsistent. It is always important to be critical
of the data used in a model in order to get the most realistic result possible.
Climate data is one assumption in a model that can cause inconsistencies. Climate
data used in energy models are, as mentioned earlier in this chapter, based on a
reference year or historic weather data over a number of years. These data can vary a
lot from year to year and therefore can create inconsistencies; for example, if the
assumed data is from a year with either an extremely harsh winter or a very warm and
long summer. The temperatures and the incoming solar radiance will be showing a
result with either bigger heat losses or less energy used for heating, and are therefore
not a reflection of the actual energy profile of the house.
The uncertainty in these factors makes it difficult to estimate the free energy use, also
called effective energy use, which is the energy consumption from sources other than
traditional use, like hot water.
Another important assumption which affects a number of parameters in an energy
model is the behaviour of the users in the building that is being modelled. For instance,
if looking at a small dwelling like the one in this report, it is very important to know
how the house is used. During night time, some users prefer lower temperatures than
others; complicated models account for this with precision whereas simpler models
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do not. It is however very much up to the user of the more complicated energy model
to get these values defined to reflect reality. If the house is equipped with
programmable thermostats, it can make sense to have the house run with lower energy
consumption during night. Some users might prefer 25°C or even 19°C. The internal
temperature assumption is therefore indeed linked to the users and can result in a
substantial variance from the model.
The user also determines whether the building is empty for longer periods. This could
be due to holidays or perhaps the building simply not being used as a primary
residence and therefore left empty for long periods of the year. In that case, an
assumption of 21°C could be inappropriate and be quite different from the actual
average temperature.
Fluctuations in temperature are also very much affected by the amount of natural
ventilation a user requires. If windows and doors are kept open for shorter periods at
several times of day, the internal temperature will change during these intervals.
However, houses with mechanical ventilation systems might not suffer from these
fluctuations in temperature, as natural ventilation is not needed. Mechanical
ventilation does, on the other hand, have some electric energy consumption through
its electric motors.
The determination of the U-values also contributes to the uncertainty of the model.
Theoretical U-values can differ a lot from how a building part is actually built in-situ;
for instance, if the insulation is pressed together during installation or does not fill out
the entire cavity etc.
The λ-value of the insulating material used is in some cases not detailed in the design
specifications or the contractor simply does not pay attention to this value when
purchasing the materials. This can lead to higher or lower thermal conductivity than
assumed when calculating the U-values.
Determining U-values for windows can be quite difficult, as windows do not only
consist of one value, i.e. the glass U-value, but several other parameters that depend
on the type of window. These are, for instance, line losses between frames and
adjacent building parts, frame material and its width and depth. In addition, if the
window is divided into several pieces with glazing bars for aesthetic reasons, this
should be taken into account when calculating the U-value for the windows.
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Chapter 4 The case studied
4.1 The site
The project house (see figure 4.1) is designed and owned by Icelandic architect Gestur
Ólafsson (GÓ), owner of Skipulags- arkitekta- og verkfræðistofan ehf. The house is
situated about a 45min drive southeast of Reykjavik in the old fishing town of
Eyrarbakki, which is a part of the Árborg municipality that also encompasses the
towns of Selfoss and Stokkseyri.
The town is close to the low temperature geothermal reservoirs called Ósabotnar and
Thorleifskot-Laugardaelir [19]. These low temperature reservoirs are utilized by the
local district heating company Selfossveitur, and provide district heating for the entire
Árborg municipality. The reservoirs, however, are encountering numerous problems,
and with an increasing heating demand and a dropping energy output, aren’t
considered as efficient as the high temperature reservoirs providing e.g. Reykjavik
with hot water and space heating.
The low temperature system of Thorleifskot-Laugardaelir has experienced a decline
in energy outputs, primarily from an excessive inflow of cold groundwater due to
fractures in the wells [19]. The other low temperature system of Ósabotnar was
initiated in 2000, primarily due to the drop in energy outputs at ThorleifskotLaugardaelir. The Ósabotnar reservoir has also faced challenges, the main one being
a high level of calcite resulting in calcite deposits in the pumps preventing them from
operating efficiently [20].
The project house in Eyrarbakki is located in an area with district heating and
connected to the district heating system of Selfossveitur. However, there is a
possibility that increasing prices, along with the growing challenges associated with
the local geo-thermal reservoirs, may affect energy supplies in the future.
The idea and objective for building the house was to explore the possibilities of
building an energy efficient, environmentally friendly and low maintenance house in
Iceland. Furthermore, the house was built in a somewhat non-traditional way in order
to build economically. The goal was to achieve a 20% reduction in construction costs,
compared to a more traditional building practice.
One challenge in realizing the building project was to find a location where money
could be saved without compromising time plans, typical standard of living,
aesthetics and environmental aspects. This required extra careful planning at an early
stage of the design period. The location of the house was selected based on the vicinity
to good infrastructure and building supply resources, in order to shorten the
construction period and lower the building cost.
In 2009 an application for partial funding of the initial planning of the house was
submitted to Íbúðarlánasjóður Research Fund. When funding was approved, the
project was initiated.
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The house is a one-story house with a 127m2 footprint and must be considered
somewhat smaller than the average for the area. Dwellings within the capital region
of Iceland have an average size of 114,5m2 and dwellings outside the capital region
are generally larger[21]. The volume of the house is calculated to be 338m3. As
illustrated on figure 4.1 and 4.2, the cladding on the house is the traditional sinus
plates often used in Iceland.

Figure 4.1 - The house in Tungata 9 Eyrarbakki

Figure 4.2 - The house in Tungata 9 Eyrarbakki
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The initial design of the structural elements of the house suggested to use light load
bearing steel studs in external walls and light load bearing steel trusses in the roof
[22]. The energy authority in Sweden developed this system, which has been used
with great success [22]. However, manufacturing and shipping time, cost and
environmental aspects concerning the shipping of the profiles from Sweden were
against their use. The first reaction was to initiate a plan to build a factory in Iceland,
producing these profiles. This however, was not realized, and the house ended up
being constructed with wooden studs and trusses instead [22].

Figure 4.3 – Picture of the construction process [22]
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Figure 4.4 - Picture of the construction process [22]

Figure 4.5 - Picture of the construction process [22]
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As shown on the detailed design drawings in Appendix 01, the initial plan of light
steel studs is kept in the drawing material in order to keep the original plan within the
planning material [22], although these were not used. As built drawings which were
later produced describe the use of wooden studs instead. As built drawings are located
in appendix 12.

Figure 4.6 – Plan layout of the house (part of original drawing material)
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Figure 4.7 – Section layout of the house (part of original drawing material)
Table 4.1. Technical descriptions of main components of the project house
Walls:

Exterior cladding consists of corrugated steel plates attached to
150mm wooden studs insulated with 150mm Steinull HF insulation
with a thermal conductivity of 0,038 W/mK. Interior cladding is
separated from the insulated layer with a damp proof membrane. The
interior cladding consist of 1 x 9mm plywood and 1 x 12.5mm
plasterboard.

Roof:

Exterior roof material consists of Protan SE roof felt on 25mm
pressure resistant stone wool with a thermal conductivity of 0,037
W/mK. Below is 17mm thick plywood plates. The roof construction
is built with 195mm wooden trusses and insulated with 195mm stone
wool with a thermal conductivity of 0,037 W/mK.
The interior cladding consists of 1 x 9mm plywood and 1 x 12.5mm
plasterboard, both separated from the steel trusses with a damp proof
membrane.

Floor:

The floor consists of a 150mm reinforced concrete slab on top of
200mm expanded polystyrene with a thermal conductivity of 0,036
W/mK.

Windows: Double glazed Velfac Clear / Energy (As described in original project
material (appendix 01)
Doors:

Double glazed Velfac Clear / Energy (As described in original project
material (appendix 01)

The plan and section layout of the house can be seen in figure 4.6 and 4.7. It illustrates
the distribution of rooms in the house, which consist of a combined kitchen and living
room, a bathroom, a service room, where the heat exchanger is installed and all utility
pipes as well as electricity enters the house, a washing room and four bedrooms. It
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should be noted that the two smaller bedrooms were initially planned as a garage. The
technical specifications of the house are described in table 4.1. Table 4.2 summarizes
the area of walls and openings (windows and doors) in m2 and towards which
direction these are facing.
Table 4.2 – Amount of walls and windows/doors in m2 and their direction
Facing
direction
NE

External walls area (m2)
41,7

SE

21,3

SW

37,4

NW

21,7

Total

122.1

Window/Door type and area (m2)
2 x G01
= 2,02
2 x G02
= 0,47
2 x G01
= 2,02
G05
= 2,31
G08
= 0,6
G10
= 1,07
G11
= 1,05
G12
= 2,1
4 x G03 / G04 = 6,56
G06
= 2,31
G07
= 5,26
G08
= 0,6
G09
= 1,97
2 x G03 / G04 = 3,28
31.62

Weather data from the Iceland MET office for the area can be found in appendix 10.
These data are graphical illustrations of temperature, dewpoints, wind speed, wind
directions and barometric pressure over the past 10 years for Eyrarbakki.

4.2 Current building regulation requirements
In 2012, during the design process, a revision of the Icelandic building regulations
was published[23]. This meant more strict requirements relating to insulation values
as well as air change in houses. Se table 4.3 on insulation values; note that table 4.3
is a translation of the Icelandic requirements which can be found in appendix 17. table
4.4 provide recommended and required air change values; note that table 4.4 is a
translation of the Icelandic requirements which can be found in appendix 17.
The requirements listed in table 4.3 reflect the maximum allowed U-values for
different building parts of a house e.g. the roof, walls etc. There are two requirements
for each building part. The first one describes the requirement of a building part
encompassing a room heated to 18°C or above. The other one describes the
requirement of a building part encompassing a room heated from 10°C – 18°C.
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Table 4.3 - New structures and extensions for possible maximum U-values of the
individual buildings parts[23]
Maximum allowed U-value
(W/m2K)
Building components
Ti ≥ 18°C
18°C > Ti ≥ 10°C
Roof
0,20
0,30
Outer walls
0,40
0,40
Light outerwalls
0,30
0,40
Windows
(frames, glass weighted average, K-glass)
2,00
3,00
Doors
3,00
No restriktions
Skylights
2,00
3,00
Floor against ground
0,30
0,40
Floors against unheated rooms
0,30
0,40
Floors against outdoor air
0,20
0,40
Exterior walls, the weighted average
(wall surfaces, windows and doors)
0,85
No restriktions
Ti = Indoor room temperature
Table 4.4 describes how much ventilation is required to ensure a good indoor climate
no matter what type of ventilation system is present.
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Table 4.4 Requirements for Residential space ventilation and related rooms[23]
Residential spaces can be ventilated with natural ventilation, mechanical
ventilation or a combination of both.
The following shall ensure ventilation in residential houses is possible regardless
ventilation type.
a. All living areas must be ventilated so that the air quantity delivered to the
room is at least 0.42 l/s per m2 floor area while the room is in use and at
least 0.2 l/s per m2 floor area while the room is not in use. Also, ensure that
the fresh air quantity delivered to the bedroom is never less so than it
corresponds to 7 l/s per bed while the room is in use.
b. Rooms that are not in constant use must be ventilated so that the amount of
fresh air is at least 0.24 l/s per m2 floor area.
c. Air extraction from residential kitchens must be at least 30 l/s.
d. Air extraction from residential bathrooms must be at least 15 l/s.
e. Air extraction from residential washing rooms must be at least 10 l/s.
f. Air extraction from residential single storage or basement rooms where
there is a constant presence must be at least 0.2 l/s per m2 floor area
g. Air extraction from residential laundry rooms of one apartment shall
minimum be of 20 l/s.
Air extraction in apartments for elderly and specialized flats for the disabled
should be assumed to be in use 24 hours a day.
Supply of fresh air to the kitchen, bathroom, toilet, laundry must come through an
opening of at least 100 cm2. when these rooms are not next to an outer wall fresh
air can come from adjacent rooms with less pollution or moisture. When these
rooms are located next to an outer wall, the fresh air must come from the outside,
through a window or special ventilation.

4.3 The ventilation system
The new requirements discussed in section 4.2 combined with studies conducted by
B. Marteinsson regarding indoor climate [22] led to the decision to install an air to air
heat exchanging unit providing fresh warm air through a ventilation system in the
house. The heat exchanger works both as an air exchange unit as well as a heating
device. Nevertheless, the house is fitted with water carried floor heating throughout
the entire house, as well as the outside driveway.
Unlike many places in Iceland, the area of Eyrarbakki is very flat and there are no
obstacles such as mountains or trees creating any shade. The house receives direct
daylight from all directions.
The ventilation system in the house is a combined heat recovery unit (see figure 4.8).
The unit is a rotary heat exchanger manufactured by Swedish company Systemair[24].
The model name is VR 400 DCV/B. The unit has 5 inlet and outlet connections
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located on the top. The connections are illustrated and explained in figure 4.9. The
unit is the left hand version in the figure. Furthermore, there is a 2000w electrical
heating unit installed in the duct blowing fresh air into the house. This heating unit
supports the heating of the incoming air.

Electric motor 1 and 2 for
air circulation

Thermal wheel

Figure 4.8 - Systemair VR 400 DCV/B installed in the house
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Figure 4.9 – Systemair VR400 DCV/B main unit dimensions and connections[24]
Figure 4.10 illustrates the air flow through the heat exchanger. t1 is the duct where
fresh cold air is dragged into the heat exchanger (C on the left hand version in figure
4.9). t2 is the duct from which warm fresh air is blown into the house (A on the left
hand version in figure 4.9 ). t3 is the warm used air dragged out of the house through
the heat exchanger and finally outside the house (D on the left hand version in figure
4.9. B on the left hand version in figure 4.9 is the external exhaust pipe and is the
arrow with no mark in figure 4.10.

Figure 4.10. – Air circulation through heat exchanger
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Table 4.5. The main components of the ventilation system
Component:
A: Supply air
B: Exhaust air
C: Outdoor air
D: extract air
E: Cooker hood
Thermal wheel

Regeneration
section
Absorption
section
Purge sector
Mechanical
motor 1 and 2
2000w
electrical
heating unit

Function:
Fresh temperate air blown through ventilation ducts into the
various rooms in the house.
Used air blown to the outside of the house
Fresh air drawn in from the outside.
Used air extracted through ventilation ducts from the various
rooms in the house.
Used warm air extracted from cooker hood. This connection is
not in use in the house.
Heat exchange from hot air to heat up cold fresh air happens
through the thermal wheel. The wheel is turning at a constant
speed by use of a small electrical motor.
Where cold fresh are is blown through Thermal wheel
Where warm exhaust air is blown through Thermal wheel
Prevents exhaust air from being carried in the thermal wheel and
blown back in the house
The motors draws air through the ventilation system.
Support heating up the fresh air before it is blown into the house.

Table 4.5 lists the main components in the heat exchanger. Rotary heat exchangers
like the unit installed in the house work by a small engine driving a wheel perforated
with a matrix of air flow channels. This wheel is called the thermal wheel (see Figure
4.8 and 4.11). The thermal wheel is made out of a material with high thermal
conductivity typical aluminium. It is through this wheel that the heat exchange takes
place. The wheel rotates through two separated rooms; one in which cold fresh
outdoor air is blown into and through the perforated wheel. This is called the
regeneration section. In the other room, warm exhaust air from the house is blown
into and through the wheel. This section is the adsorption section[25].
Typically, the adsorption and regeneration sections are designed with counter flowing
airstreams to achieve higher performance.
There are two types of energy present when looking at the heat exchanger. The first
type is called sensible energy and is the heat transferred through the counter flowing
airstreams.
The other type is called latent energy and is present where moisture differences in the
two airstreams create water condensation. The condensed water will attach to the
internal walls in the perforated wheel in the adsorption section. It will then rotate to
the regeneration section where it supports the sensible energy heating up the fresh air.
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Figure 4.11 - Rotating thermal wheel in heat exchanger. [24]
The two sections are typically not hermetically separated and it is therefore expected
that some exhaust air is carried in the rotating wheel and blown into the house with
the heated fresh air. This, however, can be prevented if a purge sector is applied. The
purge sector prevents exhaust air from being carried in the thermal wheel and blown
back in the house. The heat exchanger operates under different thermal efficiencies
depending on various factors.
According to figure 4.12 it operates at a thermal efficiency from max ηth = 87%
efficiency at a flow of 100m3/h and down to ηth = 73% at a flow of 680m3/h. These
efficiencies are based on an air ratio of 1:1 and an air humidity of 50%. In the BMExcel model discussed in Chapter 6, the thermal efficiency for the heat recovery unit
is assumed to be ηth = 80%.
Looking at the air change rate we see that at 80% efficiency there is an air change of
about 360m3/h. The air change rate of the house can then be calculated by dividing
the air change with the volume of the house. This gives

 /


= 1,07 !"#$% ,

meaning that all air inside the house has been changed within a little over an hour.
The supply and extract graphs in figure 4.12 show the air change through the heat
exchanger under different air pressure.
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Figure 4.12 – Thermal efficiency for heat exchanger unit.

4.4 Evaluation of U-values for the energy models
4.4.1 External walls, slabs and roof
The U-values for the project house were calculated by using the software Rockwool
Energy Design 4.1 [26]. The program is developed by the Danish insulation company
Rockwool and is herein used to calculate the U-values for the various building parts.
The program calculations are based on the Danish standard DS418:2011 –
“Beregning af bygningers varmetab”[27]. The Rockwool Energy Design software
does feature other functions such as energy frame calculations and profitability
calculations but these are conducted in line with Danish building regulations and
Danish building material and labour price books.
When performing a calculation with the program, the user has three options when it
comes to λ– and R-value for a material. These options are marked as A, B or C for
each material on the final result sheet.
A. is considered reliable information as the material and its specifications are a
part of the Rockwool Energy Design material library and therefore verified
by Rockwool.
B. is also considered reliable as the information has been submitted by the
manufacture or reseller of the material. Rockwool however has not verified
the values.

34

C. is considered less reliable as this option is marked only when the user of
Rockwool Energy Design computes the values himself.
All values in this report are option A values, which is also marked in the final result
sheet on each building element from the program.
The final result sheets for each building part are specified in appendix 09. Table 4.7
later in this chapter sums up the values from each building element based on the result
sheets in appendix 09.

Figure 4.13 – Result sheet on external wall.
The information stated on each result sheet is described by the following.
On the top is a 3D drawing of the building part. For vertical building parts, e.g. walls,
the inside is on the right side of the drawing and outside on the left. For horizontal
building parts, inside and outside is marked in the following way. For slabs, inside is
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marked above and outside is marked below. For roofs, inside is marked below and
outside is marked above.
Below the drawing are all building materials within the specified building part listed
numerically from top to bottom. Each building material has a description listed
horizontally, starting with the manufacture. In most cases, it is marked with generic
material as there are several manufactures. After manufacture comes the name of the
material, which gives a short description of what it is. Then comes thickness in meters
for the material used in the given building part. The λ–value is stated and the
reliability of the value is located next to it under the letter Q. Finally, is the calculated
R-value, which is summed up in the bottom.
Umax is the maximum allowed u-value according to Danish building regulations and
is therefore without importance herein.
If looking at the result sheet depicting the result of the outer walls, the U-value is
calculated to be 0,24 W/m2K. If doing a manual calculation of this result, the value is
somewhat lower.
U = 1 / Σ Ri

↔

U = 1 / 4,28 m2K/W ↔

U = 0,23 W/m2K

The reason for the inconsistency in the results is due to a correction of the
transmission coefficient for either mechanical attachments, air cavities or reversed
roofs according to Annex A in the Danish standard DS418:2011 – “Beregning af
bygningers varmetab” [27].
Since neither mechanical fixings nor reversed roof are present in this building element,
the calculation of the correction looks as follows:
+

∆() = ∆(" * , .
+-



(4)

∆(" is listed in a table and divided into levels for air cavities in the insulating material.
The DS418:2011 propose three levels; 0, 1, and 2, depending on the estimated size of
the correction. Table 4.6 is a translation of the correction. The original table can be
found in appendix 02; Table A.1.
Table 4.6 – Translation of correction table A.1 in DS418:2011 Anneks A
Level ∆U”
W/m2K
0
0,00
1

0,01

2

0,04

Description
No air cavities across the entire insulating layer.
Possibility of air cavities across the insulating layer.
No air circulation on the hot side of the insulation.
Possibility of air cavities across the insulating layer.
Possibility of air circulation on the hot side of the insulation.

It can be expected that the insulation is not 100% tight in all corners and therefore
small air cavities should be expected and accounted for. Therefore, for this building
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part, Level 1 is selected and ∆(" = 0,01 W/m2K. Now that ∆(" is decided, Ri and RT
must be determined. Ri is the R-value of the insulating material, whereas RT is the
total resistance value or the sum of all the in Ri values. Both values are present on the
result sheet of the outer wall, i.e.:.
Ri = 3,92 m2K/W
RT = 4,28 m2K/W
Now the correction can be determined by plotting the numbers into equation 4
3,923 4/5
∆() = 0,01 /
8
4,28 3 4/5



↔

∆() = 0,008W/3 K

since either ∆Uf and ∆Ur are present in the outer wall ∆( = ∆()
On the result sheet for the outer wall ∆U is named dUg and equals 0,008 W/3 K as
the equation above suggests.
The theoretical approach applies to the other result sheet from the Rockwool Energy
Design program.
It is furthermore worth mentioning that the praxis of multiplying the declared λ-value
by a factor 1,2 to reach the correct design λ-value is accounted for in the slab
calculation.
Table 4.7 – Building element values from result sheets.
Building part:
Outer walls
Roof
Slab

Total thickness (m)
0,187
0,297
0,456

RT (m2K/W)

U-value (W/m2K)

4,28
5,40
8,30

0,24
0,19
0,12

4.4.2 Windows and doors:
The 3D Revit model, which is described in more detailed in section 5.3, can be used
for many purposes. In this report, not only did it serve its purpose as an energy model,
but it was also used to do a simple extraction for creating a window schedule based
on the original drawing material as windows and their sizes are defined herein. The
window schedule can be seen in appendix 03. From this schedule it was easy to apply
windows to the Velfac energy calculation program[28]. All energy calculations from
the Velfac energy calculator can be located in appendix 04. As all doors in the house
are glass doors, they are calculated in the same way as the windows. The results on
windows and doors are depicted in table 4.8 and 4.9. Table 4.8 is an overview of
window types, the number of each window/door type, and the direction in which they
face. Window type numbers are similar to the original drawing material found in
appendix 01. For instance, are there 2 windows of the type G01 facing south east,
which is a 90° angle to the north east facade.
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Table 4.9 is the results on energy calculations of each window type from the Velfac
result sheets summed up.
Table 4.8 – Description of window and doors
Windows and Doors amount and ID
Windows and Doors towards North East (Angle 0°)
2 x G01
2 x G02
Windows and Doors towards South East (Angle 90°)
G05
G10
G08
G11
G12(door)
2 x G01
Windows and Doors towards South West (Angle 180°)
4 x G03 / G04
G06 (door)
G07
G08
G09
Windows and Doors towards North West (Angle 270°)
2 x G03 / G04

Table 4.9 – Window and door energy calculations
Type
G01
G02
G03/G04
G05
G06
G07
G08
G09
G10
G11
G12

Ew
-40
-64
-46
-21
-31
-6
-57
-25
-37
-54
-34

Aw
window area
1,01
0,47
1,64
2,31
2,31
5,25
0,6
1,97
1,07
1,05
2,1

A-rude
glazed area
0,79
0,33
1,25
1,96
1,97
4,75
0,43
1,65
0,85
0,77
1,77

Ff
glazed area in %
78
70
76
85
85
90
72
84
80
73
84

Uw
1,50
1,65
1,53
1,38
1,49
1,29
1,61
1,41
1,48
1,59
1,52

Table 4.9 summarizes a number of values from the result sheets. All the parameters
from the result sheet are defined as follows [29][30]:
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• Ew is the overall energy performance of the actual window with the desired size,
glass type and gas type in the cavity between the glass layers. The unit is like
the Eref in kWh/m2. The value is for the entire window and not only the glazed
area. It is the balance between lost energy during cold season and gained free
energy from the sun. Values are marked negative as they have an overall
positive effect, which means that they receive more energy from the sun and
sky than they lose through heat loss.
• Uw is the U-value without any other factors, such as sunlight, included. UW is
the “dark” U-value and it represents the entire window, both glass and frame.
• Ug is the U-value of the glass area alone. This value was much used some years
ago but today the entire window’s U-value is used instead. It is furthermore
represented as a “dark” value as explained in Uw.. Ug is not present in table 4.9
as the value is the same for all window types in the project. Ug = 1,11.
• LTg represents the light transmittance on the glazed area. It is an indicator of
the amount of sunlight passing through the window. A higher value represents
a higher percentage of sunlight passing through the glass. LTg is not present in
table 4.9 as the value is the same for all window types in the project. LTg = 0,8.
• gg, also known as the g-value, is a measure of how much “free” heating is
received through sunlight. A higher G-value means a higher amount of heat
received from sunlight. gg is not present in table 4.9 as the value is the same
for all window types in the project. gg = 0,62.
• Eref is an expression of a window’s overall energy performance and the unit is
in kWh/m2. A window manufacture within the EU must provide an Uref
according to European legislation. The value is based on the “European
standard window” This window is described as being 1230mm x 1480mm with
standard glass, no glazing bars and a one-sided open/close function. The Uref is
meant as a more precise measuring tool for engineers and architects when
choosing the right window. It also shows that the window with the lowest Uw
isn’t always the best performing window. Typically this value is negative as
there mostly are some losses affiliated. However, some triple glazed windows
have a positive Eref as they can contribute more energy than they lose. These
windows however are often very expensive.
ERef is not present in table 4.9 as the value is the same for all window types in
the project. Eref = -24 kWh/m2.
The Uw-values for the windows and doors established in Table 4.9 are used in both
the energy models. This value is then combined with solar radiance numbers from the
greater Reykjavik area (Data provided by BM) and monthly mean temperatures for
Eyrarbakki[31].
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Chapter 5 Energy models studied
5.1 The BM-Excel energy model
The BM-Excel energy model was originally developed by BM for Innovation Centre
Iceland. BM developed the model to calculate a larger building with a different usage
purpose. Besides translating the model into English, a number of factors have been
augmented in order to fit the house in Eyrarbakki. The BM-Excel model encompasses
the factors and assumptions depicted in table 5.1.
The BM-Excel model consists of two calculation sheets. Sheet one calculates heat
losses and given heat. The heat losses are based on calculated U-values. The U-values
are multiplied by the area of a specific building part to get the power in w/K. The
power is then used to calculate the amount of energy in MJ lost during a given month.
This is calculated by multiplying the calculated power with the degree class of the
same month. The result is then multiplied by 3,6 in order to get the final result in MJ.
The degree classes are calculated by subtracting the assumed indoor temperature of
21°C with the mean temperature of the given month in Eyrarbakki (located in sheet
2). The difference is multiplied by 24 to get the heat loss for one day as the time factor
is 60min and then multiplied with the number of days in the specific month to get the
monthly heat loss in MJ.
Given heat calculates the “free” heating energy received by the following factors:
• Normal electricity use from inhabitants
• Sun and sky radiation affecting internal temperatures
• Hot tap water usage
Since not all the given heat is utilized effectively as it is ventilated out of the house,
the result of the given heat is multiplied with an efficiency coefficient. Figure 5.1
illustrates the result in the model of the given free heat and the result after it has been
corrected by the efficiency coefficient
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Table 5.1 – Explanatory factors and assumptions used in the BM-excel model
Explanatory factors and assumptions in the BM-excel model
Parameter

Value

Time factor

60min (1h)

Source

Level of
knowledge.
100%

Specific heat
capacity of water

4200 J/kgK

100%

Air density

1,2kg/m3

Specific heat
capacity of air
Mean monthly
temperatures of
Eyrarbakki based on
previous year’s
temperatures
Constant indoor
temperature
Ventilation recovery
efficiency
Efficiency
coefficient of
supplied energy
staring with January.
Calculated air change
starting with January.
This is a ratio.

1000 J/kgK

Assumption as
this value is
temperature
dependent.
100%

Number of
inhabitants
Free heating from
electrical usage

4
5kwh/inhabitant/day

Mypages at
on.is

Tap water usage

60 litres/occupant, per
day
55°C

(BM)

Hot water
temperature
Incoming energy
MJ/m2 @ 64°north
from sun and sky
radiation

2°C, 0.6°C, 2°C, 4.9°C,
7.5°C, 11.1°C, 11.1°C,
11.1°C, 9.5°C, 3.1°C,
5.3°C, -1,4°C

[31]

21°C

This is an
assumption.
This is an
assumption.
This is an
assumption.

0,8
1.00, 0.99, 0.84, 0.65,
0.48, 0.41, 0.39, 0.43,
0.64, 0.97, 0.99, 1.00
0.6, 0.6, 0.6, 0.7, 0.8, 1,
1, 1, 0.8, 0.7, 0.6, 0.6

X
Data on
greater
Reykjavik
from
Iceland inn.
center
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This is an
assumption
based on 2014
data.

This is an
assumption
with big
uncertainty.
This is an
assumption.
Based on
annual mean
electricity use.
This is an
assumption.
This is an
assumption.
Average
historic values
based on
average
cloudiness.

Figure 5.1 – Result on Effective energy from sources (Inhabitants, general
electricity, sun etc.) multiplied the efficiency coefficient of supplied energy.
Figure 5.2 shows the efficiency coefficient throughout all months of the year. In
January and December, it is 1 as doors and windows are assumed to be held closed,
combined with less sun and sky radiation. Therefore, the assumption is that all free
energy in those two months is utilized. Moving towards the warmer months the
coefficient is becoming lower as much more energy is received from sun and sky
combined with windows and doors being held open much more and therefore a lower
utilization of the free energy received.

Figure 5.2 – Efficiency coefficient of supplied energy throughout the
months of the year
Given heat from normal electricity use from inhabitants adds the estimated amount
of heating energy received from electrical appliances to the model. These appliances
are factors such as TVs, refrigerators, computers, light bulbs etc. The model assumes
an addition of 72MJ per day based on the assumption for number of inhabitants and
kWh/inhabitant/day listed in table 5.1. Figure 5.3 illustrates this calculation in the
BM-Excel model.
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Figure 5.3 – Screenshot from excel energy model
Given heat from sun and sky radiation is the amount of heat energy received through
glazed areas depending on the on angle; North, South, East and West of a glazed area.
The calculation is located on sheet 2 in the model. The amount of energy in MJ is
calculated per month and is based on Eq (5.1) as:
;< =>$. 3"@A! = B ∗ D ∗ E ∗ F ∗ G

(5.1)

The parameters in Eq. 5.1 are the following:
•
•
•
•
•

A is the glazed area on a specific angle e.g. north east
B is the ratio of glass area
C is the sun factor (solar factor)
D is the screening area
E is the incoming energy MJ/m2 @ 64°north at the angle (0, 45; 315, 90; 270,
135; 180, 225) for the specific month

Calculations for each angle of sunlight are summed up for each month. Figure 5.4
shows this calculation in the BM-Excel model.
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Figure 5.4 – Screenshot from excel energy model.
Given heat from tap water is assumed to be 55,44MJ per day. This assumption is
based on the following equation:
HIJ>@ !>KA =

L ∗M ∗N ∗O

(5.2)

P

The parameters used in Eq.5.2 are the following:
•
•
•
•
•

F is the number of inhabitants
G is the amount of tap water used per day in m3
H is effective cooling of hot tap water while used in °C
I is the specific heat capacity of water measured in J/kgK
J is the Conversion factor from Joules to MJ is 1.000.000.

On figure 5.5 this calculation is shown in the BM-Excel model.
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Figure 5.5 – Screenshot from excel energy model.

5.2 Results from the BM-Excel model
Total primary energy demand, which includes heat losses through building elements,
hot water usage and air change losses in kWh pr. year is 23293,7kWh or
183,4kWh/m2 pr. year.
The total energy need for heating the house equates to 8065,0kWh or 63,5kWh/m2
pr. year. This is the total primary energy demand subtracted by the given “free” heat
in terms of normal electricity usage, sun and sky radiation, and hot tap water. Also,
a correction of the “free” energy is performed here with the efficiency coefficient of
supplied energy. This coefficient accounts for energy lost through natural
ventilation, such as open doors and windows, meaning that in the summer more free
energy is lost through open windows and doors than in the winter.
These two results will be discussed further in chapter 8 where they are compared to
other results.
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It is important to mention that these results are based on gross floor area and gross
volume. According to requirements used by the Danish regulator Energistyrelsen for
defining heated floor areas in energy calculations, the following guideline should be
considered:
“En bygnings opvarmede etageareal beregnes ved sammenlægning af
bruttoarealerne af samtlige opvarmede etager, herunder opvarmede kældre og
tagetager. Bruttoarealet måles i et plan bestemt af oversiden af færdigt gulv og
til ydersiden af ydervæggene”[32].
This definition can be translated to:
A building’s heated floor area must be calculated by the gross area of all
heated floors, including heated basements and roof floors. Gross area is
measured in a plane specified by the upper side of the finish floor to the outer
side of the external walls.
Heated areas are here defined as rooms heated to 15°C or more[32]. This definition
varies from country to country and it must therefore be considered when looking at
how other models interpret volumes and areas.
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Figure 5.6 – Monthly energy losses for the various building parts.
From the BM-Excel model, we also get figures illustrating losses, additions and
requirements for the house. Figure 5.6 depicts the amount of energy lost through
building parts month by month. It is clear that the highest losses occur through the
glazed areas, which is to be expected. The second highest loss occurs through walls,
and then the roof. The losses peak in December, which can be explained by the fact
that December is the only month with a negative external mean temperature of -1.4°C,
(see Table 5.1 for mean temperature values).
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Figure 5.7 depicts the “free” energy received by hot water, electricity and sun and sky
radiation. The figure illustrates what was expected: that the free energy from sun and
sky radiation is by far the largest factor. However, in the winter months with almost
no light, the energy received from sun and sky radiation is very little. Tap water and
electricity usage is illustrated by being almost constant.
Here it must be considered that due to the usage pattern and the change in number of
people visiting the house illustrated in appendix 07, the figure would look different
as the house is completely empty for some periods. The results from the BM-Excel
model are based on a constant usage of 4 people throughout the whole year.
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Figure 5.7 – Monthly “free” energy additions from various sources
Figure 5.8 shows the monthly energy losses from hot water and air change losses and
total building part losses. The figure clearly illustrates how the building part losses
rise in the winter months, with a colder and darker climate resulting in a higher
internal and external temperature difference. Losses due to air change and tap water
are close to constant.
Figure 5.9 illustrates how the building’s energy demand changes month by month
throughout the year. The building is almost completely without heating energy need
in the summer months of May, June and July. Here, the effective or “free” energy
from inhabitants, heat generated by electric components, and especially the incoming
solar and sky radiation through glazed areas, are contributing far more heating energy.
From October to March, however, the picture is substantially different. This indicates
the long days with light through the summer months changing into almost no light
throughout the winter months. Especially in December and January, with very little
solar energy present, the heating demand rises substantially.
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Figure 5.8 – Monthly energy losses from building parts, hot water and air changes
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Figure 5.9 – Total monthly energy requirements

5.2 Probability estimate of BM-Excel model using a 3-point estimation
method
The Elforsk project 345-002: Energisyndere I lavenergibyggeri[33] describes a
method normally used in project management (PM), so-called PERT analysis, which
can give a more realistic outcome of a building’s energy performance in the design
phase as it accounts to some extend for several uncertainties.
Energy modelling has a number of uncertainties due to the many parameters, as
discussed previously, which influence the results greatly. Among these uncertainties,
to name a few, are weather data. It is impossible to predict the weather. The usage
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pattern in a building can also have high uncertainties and the usage purpose of a
building can completely change, causing the energy profile to change drastically. The
method applies successive calculation of the various energy modelling parameters,
accounting within a defined uncertainty for their variability. A total of 269 parameters,
each with a defined deviation in %, has been developed in an Excel sheet for Project
345-002. It can be located in appendix 05. All parameters have been divided into 3
groups describing their importance. These groups are called 1 – Critical parameters
that must be included, 2 – Important parameters that should be investigated, 3 – less
important parameters which can be left out. Project 345-002 concludes that the
method is useful and provides evidence of the applied method by comparing results
with measurements from actual buildings.

Figure 5.10 – Distribution of involved parties on research projects in %. [32]
Elforsk is a Danish organisation that grants 25million DKK every year in research
and development projects with a special focus on a reduction in electrical
consumption. Figure 5.10 represents the typical distribution of parties involved in
research projects funded by Elforsk. The figure is based on a total of 204 research
projects spanning from 2002 – 2011 [34]. As figure 5.10 showed, there was a healthy
mix of universities, different Danish research institutes, private consultants,
producers and end-users involved in Elforsks research projects.
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Project 345-002 has been developed to be used with the Danish energy modelling
software Be10, developed by SBI[33]. In this chapter, I will be using the theories
described in the project report [33] on successive calculation and apply them to fit the
BM-Excel energy model.
Since it is not possible to calculate an exact value on energy consumption of a
building, the method described here uses a probability analysis to archive an estimate
on energy consumption as a less static result. The method uses a 3-point estimation
also known from PERT analysis [33], which is very popular within PM. PERT
analysis method uses a Beta distribution for uncertain parameters. Project 345-002,
however, suggests use of a Gamma distribution instead, where the distribution curve
often is shifted, so that the mean value is on the right side of the top of the curve.
Figure 5.11 illustrates the Gamma distribution curve. M is the mean value, A is the
optimistic estimate, B is the pessimistic estimate and C is the most likely estimate.

Figure 5.11 – Gamma distribution curve used for uncertain parameters in 3-point
estimate [31]
5.2.1 Sensitivity analysis for a 3-point estimation
As mentioned, the sensitivity analysis along with the 3-point estimation are tools
typically used within the PM discipline with a specific goal of estimating duration of
projects, needed resources and, by that, the specific economy of a project. Here, the
tools are applied by breaking down project requirements into smaller work packages.
This discipline is called WBS (Work Breakdown Structure) [35]. This structure
makes it much easier to understand and estimate the length of each work package. It
is from the WBS that the estimation of pessimistic, optimistic and most likely values
are determined. If no exact similar recorded value is already available to a work
package, the project manager will typically ask a professional with experience within
the specific field. The professional will then give an estimate of the three values. This
is called a sensitivity analysis. This method, however, is not applicable for this project
as it does not deal with time, but specific calculated values e.g. U-values, areas etc.
The method applied for this type of sensitivity analysis for 3-point estimation is based
on regulatory decided deviations such as EU standards (EN). It also uses uncertainties
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described in the Be10 handbook developed by SBI [33]. Furthermore, Trine Dyrstad
Pettersen, research manager at Sintef Bygforsk, has contributed with deviations based
on Norwegian experience.
The 269 parameters for the sensitivity analysis (appendix 05.) are in accordance with
the input parameters of Be10. In this thesis, the parameters applicable to the BMExcel model will be used to create a 3-point analysis. Appendix 06 is a brief version
of the 269 parameter version altered to fit the BM-Excel model introduced in section
5.1. Sensitivity for each parameter can be located in appendix 06.
The sensitivity analysis in Appendix 06 calculates a minimum and a maximum value,
also called optimistic and pessimistic values, for the 3-point method. The values from
the sensitivity analysis are then added into the BM-Excel energy model. For this
purpose the BM-Excel model has been copied into three complementary versions.
One model, containing the original values evaluated, is considered the most likely set
of values. The second contains the minimum, also referred to as optimistic values,
and the last one contains the maximum, also called pessimistic values. The results of
the three models are then used in the probability calculation applying the 3-point
method.
The results that I will compare here are the total energy needs for heating in kWh/m2
pr. year.
5.2.2 The impact of the sensitivity analysis on the energy model
The deviation in the sensitivity analysis of 1% in area and 5% u-values on building
envelope constructions are quite low and do not affect the total energy need for the
building very much according the BM-Excel model. This is supported by Project 345002, which classifies areas on building envelope constructions as having little
influence and are possibly able to be left out of the model. U-values are described as
having some importance and should be investigated[33]. Table 5.2 illustrates the
difference before and after minimum values from the sensitivity analysis in appendix
6 are added to the BM-Excel model. The opposite effect occurs for the maximum
values from the sensitivity analysis. The table illustrates the new result in the BMExcel model for every parameter category changed. This method can be referred to
as an OAT-analysis (One-At-the-Time), which is a local sensitivity analysis that
provides clarity on the effect of each parameter changed[33]. Table 5.2 represents
steps 1 through 8 in the OAT-analysis; step 1 being no parameters changed, step 2
being 1 parameter category changed, and for each step the next changed parameter
category is changed, with step 8 being all parameter categories changed. Total
primary energy demand is the energy demand of the house before given “free” energy
is subtracted. Total energy need for heating the building is energy demand after given
free energy is subtracted.
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Table 5.2 – Influence from sensitivity analysis (appendix 6) minimum values on the
excel energy model
Effects of sensitivity
Total primary
Total energy need for
analysis step by step
energy demand
heating the building
kWh/m2 per year
kWh/m2 per year
1. Original result from BM183,4
63,5
Excel (Most likely)
2. U-values and area changed
177,9
59,4
3. Glass area ratio changed

177,9

60,7

4. Ventilation recovery
efficiency changed
5. Hot water temp and
consumption changed
6. Normal electricity and
inhabitants changed
7. Calculated air change
changed
8. Final minimum values

184,7

65,2

168,3

50,4

168,3

55,5

165,7

53,8

165,7

53,8

It’s interesting to see how the numbers are affected when the glazed area ratio is
minimized so that the building receives less “free energy”. The total energy need for
heating the building is the result of total primary energy demand minus the free energy
received. This affects the building in such a way that more ”bought” energy is needed
to heat the building. The same thing is happening when normal electricity and
inhabitants are changed, as this also is “free energy” and therefore the total energy
need for heating the building goes up.
The ventilation recovery efficiency has quite an effect as depicted in Table 5.2. With
an efficiency lowered by 10% the total energy for heating the building goes up by 4,5
kWh/m2 per year.
The sensitivity analysis uses 15% deviation for inhabitants and 10% for electricity.
The 10% are based on general lighting deviations. One could argue that this number
should be higher, especially for this house as the day-to-day usage pattern is so
inconsistent, as appendix 07, covering the energy use of the house, demonstrates. The
lighting deviation factor should therefore perhaps be higher.
Tap water temperature and especially tap water usage have a very big influence on
the total energy need for the building. This becomes obvious, when these numbers
are altered in the model when determining min and max for the 3-point estimation.
This item is also highlighted as a very critical factor in Project 345-002. In Appendix
06, the sensitivity analysis suggests use of a 1/3 deviation in min and max estimation
for the 3-point analysis. A 33% deviation is quite high, but as the house in Eyrarbakki
also has a very inconsistent day-to-day usage, this high difference must be considered
plausible and perhaps even not high enough. For other buildings with more consistent
day-to-day usage, this number should be somewhat lower.
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Calculated air change is described with 10% deviation in the sensitivity analysis for
both winter and summer. Once again, it’s difficult to determine whether this estimate
is realistic, especially due to the day-to-day usage. Nevertheless, the mechanical
ventilation located in the house can make this assumption more reliable as the system
runs continuously, whether there are people in the house or not. It also means that
when people are in the house they are less likely to open windows as the house is
constantly replenished with fresh air. Furthermore, the model itself accounts for
winter and summer months where people are more or less likely to have open doors
and windows due to the outside weather.
Air change losses in the BM-Excel model are based on the building’s volume. This
is not a parameter in the sensitivity analysis in appendix 06. The deviation is therefore
assumed to be 1%, which is also what the sensitivity analysis uses for air change loss
based on areas.
Mean temperatures and radiation values from sky and sun are not altered. Therefore,
the model is based on the reference year for these inputs. In this case 2014 monthly
mean values.
The results produced by the sensitivity analysis in the three BM-Excel energy models
gives the following values for the total energy need for heating the building per year:
•
•
•

Most likely estimation is 63,5 kWh/m2 per year.
Optimistic estimation is 53,8 kWh/m2 per year.
Pessimistic estimation is 73,1 kWh/m2 per year.

These values are used in the following chapter.
5.2.3 The 3-point method
After having calculated and applied the values from the sensitivity analysis into the
BM-Excel energy models, the 3-point estimation can be applied. The formula
contains the letters O, ML and P. O is the Optimistic values from the sensitivity
analysis, which are the 1% quantile. ML is the Most Likely values and these are the
values from the initial energy model. P is the Pessimistic values from the sensitivity
analysis, and the 99% quantile. The values are computed into Eq. 5.1 and the result
is M, which is the mean value.

;=

QR,STURV
W,S

∼

QRTURV
Y

(5.1)

Then, the standard deviation is calculated by Eq. 5.2 and the variance by Eq. 5.3. The
standard deviation is used for the result depending on the confidence interval that the
calculation is based on. The confidence interval and probability are depicted in Table
5.3.
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] = Z

(5.3)

Eq. 5.4 is the sum of all mean values. Eq. 5.5 is the standard deviation of the entire
BM-Excel energy model.

;^_`a = ∑ ;

(5.4)

Z^_`a = c∑ ]

(5.5)

Table 5.3 – Confidence interval and probabilities[36]
Interval

Probability

MTotal ±STotal

68%

< MTotal+2 STotal

84%

MTotal ±2STotal

95%

MTotal +2STotal

97%

MTotal ±3STotal

99%

< MTotal+3STotal

99,5%

Figure 5.12 – Graphical illustration on the coherence of confidence interval and
probabilities in the 3-point method. Source [33].
The calculation of Eq. 5.4 and 5.5 can be carried out by adding together all values
from the sensitivity calculation in the energy models[33] and therefore M = MTotal
and S = STotal in this calculation. The values used for O, ML and P are therefore the
three end results in the previous section. With these parameters determined, the
calculation looks as the following:
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;^_`a =

Y,Rd,YRe,

= 63,48 kWh/m2 per year.

Z^_`a =

e, [Y,

= 3,86 kWh/m2 per year.

Y

Y

= 14,9 kWh/m2 per year.

VTotal

Project 345-002 uses a probability of 97% in its estimate, which means when looking
at table 5.3 that the confidence interval is within MTotal + 2STotal. It is therefore
reasonable to use the same probability and therefore confidence interval in this report.
When doing so, the result looks as the following:
63,48 kWh/m2 per year + (2 x 3,86 kWh/m2 per year) = 71,2 kWh/m2 per year
This result can be translated into saying that with the 3-point method based on the
sensitivity analysis there is a 97% probability that the primary energy consumption
in the house will be below 71,2 kWh/m2 per year. This number is about 11% higher
than the original BM-Excel energy model, in which the result of primary energy
consumption was 63,5 kWh/m2 per year.
Not only does this method take deviations into account through the sensitivity
analysis, it furthermore gives a less static result. This is both good and bad. In terms
of benchmarking for legislation and archive requirements given in the building
regulations, an absolute result is needed, to make it easier for designers to evaluate a
common requirement.
With that said, however, the method is very good tool when presenting the building’s
energy performance to a client. Here, there is room for more uncertainty, and the
designer is able to predict and present a result that spans over an interval instead of a
static result. This could be presented by saying that it is believed there is statistically
a 95% probability that the house will have a total primary energy consumption within
55,76 - 71,2kWh/m2 per year. This should always, however, be presented with
emphasis on the importance of the inaccuracies related to estimating the parameters
used in the model.

5.3 The Revit and Green Building Studio energy model
Autodesk Revit is a 3D based design software for architectural design, structural
engineering and Mechanical, Electrical, Plumbing (MEP) professionals. The software
is specific for Building Information Modelling (BIM). The US National Building
Information Model Standard Project Committee defines BIM by the following:
”Building Information Modeling (BIM) is a digital representation of physical and
functional characteristics of a facility. A BIM is a shared knowledge resource for
information about a facility forming a reliable basis for decisions during its lifecycle; defined as existing from earliest conception to demolition” [37].
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The key letter in BIM is the letter I, which stands for information, and information is
exactly what it is all about. The 3D-model makes it possible to extract numerous types
of information about a project, e.g. quantities, amounts and collision checking
between structural, MEP and architectural models. This information can be
transferred directly into other software that deals with prices, time scheduling, labour
and energy performance. The really interesting characteristic here is when the
software working with Revit allows the user to track changes back into Revit so that
the project is always up to date, regardless of where a change has been made. This
allows a person working with project economy to make changes and let these changes
be saved back into the model, so that the designer is aware of changes and updates.
In this report I will look into the Green Building Studio (GBS) for Revit which is a
cloud-based software by Autodesk. The software allows the user of Revit to fill in
information in a BIM-model, regarding building layout, constructions, operating
schedules, conditioning systems (lighting, HVAC, etc.) and weather data by location.
There are many parameters that can be altered within Revit, but for this report the
simulation will be done from a predefined data set in Revit called Single Family. The
software also features pre-set parameters for offices, schools and so on. Figure 5.13
represents the Revit model which is the basis of the GBS simulation.

Figure 5.13 – An axonometric view of the Revit 3d model
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Figure 5.14 – U-value calculation of a building element (external wall) from Revit
Revit has two options when performing an energy simulation: one called building
simulation, and the other analytic simulation. Building simulation is the detailed
simulation where all building elements are defined in the BIM-model. This means uvalue determination, location of building, position of building, number of inhabitants,
heating/cooling systems, electric consumption and many more. This is the type of
simulation that is used herein. The analytic type simulation is a much less detailed
simulation which can be performed in the beginning of the design stage where very
little is known. Then, the simulation utilizes a conceptual model where no information
is yet defined and the key parameters used are location and placement of house plus
climate data for that site.
Revit features its own U-value calculator for building elements. It calculates by
processing previously described parameters for determining U-values. The results of
the calculations here are close, but with small deviations from the ones performed in
Rockwool Energy Design 4.1. Figure 5.14 shows such a calculation example in Revit
on an outer wall. In this case, the U-value is about 4% higher in Revit than in the one
performed in Rockwool Energy Design 4.1. The reason for this discrepancy is found
within Revit. When a building element like the outer wall is defined, all the materials
are defined either as being thermal, structural, substrate, membrane layer or finish
layer. Only in the thermal layer it is possible to calculate a U-value. This means that
for this wall calculation in Revit, the U-value is calculated only from the properties
of the insulation layer, whereas in the Rockwool Energy Design calculation properties
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of all layers in the building element are accounted for. Therefore, the Rockwool
calculation must be considered more precise.
Revit has about 30 different window types to choose from. These types deviate some
from the Velfac calculator and give each window the same u-value no matter the size.
Therefore, I have chosen to overwrite the built in Revit types and instead create my
own type using the values from the Velfac calculator. This is the only place in the
Revit model where I will be using previously calculated values to overwrite Revit
pre-set values. The U-value calculation on windows can be seen on figure 5.15.

Figure 5.15 - U-value calculation of a window from Revit
When drawing a model in Revit, the model faces north on the top of the screen in
plan view. This, however, is not true north, and it is therefore important to rotate the
model towards true north so that the energy simulation accounts for correct shading
and incoming sun and sky radiation.
When the Revit model has been drawn and all information on building elements,
location settings, heating systems and pre-set parameters are chosen, the user must
define a set of spaces. The model utilizes the spaces to define the interior of the house
as well as rooms. The spaces calculates net volume and net area of the house. It is
important to notice this as the parameters on area and volume in the BM-Excel are
based on gross values. Figure 5.16 illustrates the spaces defined within the building.
Spaces are shown with a green colour.
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Figure 5.16 – Rooms and spaces within the Revit model
Now the model is ready to be submitted to the Autodesk Green Building Studio. Revit
has a built in button that when pushed submits the data from the model to the GBS
cloud based energy software. The results of the model I will get back to, but first a bit
on GBS.
GBS runs on a software type called DOE2.2, developed by James J. Hirsch &
Associates in collaboration with Lawrence Berkeley National Laboratory. DOE is a
freeware building analysis software that is intended to predict energy use and its
costs[38].
When entering the GBS cloud service, there is the initial run based in the parameters
defined in Revit. GBS furthermore creates a number of other runs based on different
settings in the house, such as other heating systems, window types, inhabitants and
more. In this case, GBS created 106 other runs with different setups.
The software then compares energy use and costs and potential savings between the
different setups. Figure 5.17 shows the initial run written in purple and five other runs
with different setups. These are written in blue.

Figure 5.17 – GBS cloud service on Eyrarbakki
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One would now expect that all the parameters defined in Revit are included in the
first run. This, however, is not the case. When examining the first run more
thoroughly, it is clear that only some information from the Revit model has been
exported. Data on U-values for building elements are successfully exported.
Information on inhabitants and heating systems, however, are not the same and GBS
has changed these parameters. These parameters can be changed in the cloud software
but when doing so, the system suffers from constant crashes.
At first look, GBS seems to be implemented into Revit in such a way that it seems to
be a part of the Revit software package. When running a simulation, though, it quickly
shows that this is not the case and that the software is clearly still under development.
When the model parameters are uploaded to the GBS cloud server, all alterations are
to be made through the cloud service and not in Revit. This is very unfortunate as all
parameters that might be altered do not go back to Revit and the model simply
becomes out-dated in terms of energy calculations. This makes the time spent within
the Revit model seem lost as the data can be typed into GBS directly without a present
3D-model.

5.3.1 Result from the Revit and Green Building Studio model
Autodesk Revit and GBS are American software and the results therefore are very
much in line with US standards, units, currency etc. The US Environmental Protection
Agency (EPA) works with two types of energy consumption; source and site energy
consumption. Site energy describes the amount of heat and electricity consumed by
the building. Source energy is the total amount of energy consumed. It includes not
only the heat and electrical energy consumed by the building, but also the amount of
raw fuel (natural gas) consumed at the power plant as well as transmission and
delivery of energy[39].
EPA has determined source energy as being the best suited result for evaluation of
building energy losses and as an equal benchmarking standard. The result from GBS
reflects this standard and thereby isn’t of much use in Iceland and this report.

Figure 5.18 – Site and source energy defined by EPA[39]
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Based on the EPA definition, GBS produces results based on the amount of natural
gas burnt at a power plant. This is a result that unfortunately isn’t of much use here
in Iceland, where all energy is sustainable and either comes from geo-thermal or
hydropower generation. Furthermore, the results are incomparable with the BMExcel model. The result sheet from GBS can be found in appendix 11.
At first glance, the only result that could be used to some extent is the monthly heating
loads. However, when looking more closely at this, it shows that hot water is not
included in the chart.

Figure 5.19 – Monthly heating loads from GBS on Eyrarbakki
The monthly heating loads are very much based on climate data and GBS also
includes a number of figures on climate data in the result sheet. When comparing
these data with MET office climate data, it is clear the data is inconsistent. Mean
temperatures are too high and the wind rose indicates a different picture than the data
from the MET office.
When looking further into this matter, it becomes clear that even though the building
location has been defined by GPS coordinates, the weather station being used in GBS
is located far from the actual site. Figure 5.20 is a screen shot from GBS of this.
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Figure 5.20 closest weather station Iceland from GBS
As illustrated, the nearest weather station is located about 550km south of Iceland in
the middle of the ocean. If it is not possible to change the weather data within GBS
and use data from the Icelandic MET office, then the basis for energy calculations for
Icelandic buildings is not present within the Revit framework.
Further investigation into this dilemma revealed that it is possible to change the
weather data when defining the location of the building within Revit. However, when
the model is exported, GBS automatically overrides this manual data and defines the
closet weather station within the software and the result is therefore the same.
With these challenges, it was decided to contact the consulting firms in Iceland and
see if any of their professionals had experience with the software and perhaps similar
issues.
We started out by contacting Sigurður Harðarson, Architect, Design Manager, CEO
and Partner at Batteríið architects. He had some experience with the software from a
few years ago but advised us to contact Davíð Friðgeirsson (DF), BIM manager at
Verkis engineers.
DF had some experience of the software on a project in Norway a few years back.
They had encountered the same issues as we and had contacted Autodesk regarding
the weather data. Autodesk, however, never responded to their inquiry.
DF also had a similar experience with difficulties processing a detailed building
simulation like the one in this report and we concluded that the software simply is not
ready to handle detailed BIM-models. DF also mentioned that the constant
development and changes made in the software’s user interface posed a challenge to
the user and made the software difficult to master. This generally supports the
conclusion that the software still undergoes heavy development and is still not
practical to use.
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DF had also used the less detailed analytic simulation by analysing a very simple
conceptual mass from Revit. This experience had shown some useful results. The
conceptual model makes it simpler to use and even though the actual results are not
useful, the change in the result when the conceptual mass is, for example, rotated or
a window is moved from north to south, shows some impact in the energy use and
indicates whether a conceptual change to the building is likely to be positive or
negative for the building’s energy consumption.
Overall, the conclusion is that it is too soon to use GBS with Revit as a trustworthy
energy model, especially when the building is located in Iceland. Furthermore, the
gap between Revit and GBS makes the time spent on a detailed BIM-model in energy
terms not wisely used. In addition, the fact that the software is developed with such a
strong connection to the US standards will most likely make it difficult to use in other
places. It can, however, be used in the beginning of the planning phase with a simple
and less time consuming conceptual model to evaluate the energy related implications
of specific design decisions.
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Chapter 6 The monitoring systems and data
6.1 Installation and location of monitoring equipment
The house was instrumented to allow for a true estimation of the actual energy use,
in order to be able to verify the energy modelling introduced in chapter 5. The
following monitoring equipment was installed in the house:
1. An external weather station, monitoring wind direction, wind velocity,
barometric pressure, humidity and precipitation.
2. Two sensors measuring the temperature and humidity of the outside air on the
south and north walls of the house.
3. Two sensors measuring both temperature and humidity of the indoor air on
the south and north side of the house.
4. One flow sensor on the incoming hot water flow meter.
5. Two temperature sensors monitoring the temperature of the hot water coming
in to the house and the temperature of the hot water going out of the house.
6. Four temperature sensors, one in each of the four air ducts of the heat
exchanger unit.
7. One electric sensor monitoring the current driving the heat exchanger unit.
Figure 6.1 and 6.2 show the location of the sensors. All data channels are coded with
a unique ID related to the location of the sensor in the house so that the data received
can be easily recognised. The external temperature and humidity sensor on the north
and south façade was unfortunately broken due to weather damage and therefore did
not record any data. Sensor ID 245 measuring the hot water flow detected
measurements from 8th of November till 29th of November, when it unfortunately
broke down.
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Figure 6.1 – Plan layout from the Revit 3D model illustrating sensor placing

Figure 6.2 – Section in Revit 3D model illustrating weather station placement.
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6.1.1 The external weather station.
The weather station is a Velleman WS1080. The
specifications for the weather station can be found
in Appendix 15.
The weather station is composed of an external unit
shown in Figure 6.3 and an internal unit located
inside the building shown in Figure 6.4. Both units
measure barometric pressure, temperature and
humidity. Therefore, the station supplies
information about both the indoor and the outdoor
climate. The external unit features a rain collector
measuring the amount of precipitation in intervals
of 1 hour, 24 hours, 1 week or 1 month. It is
furthermore equipped with a wind speed and wind
direction detector. The wind vane and velocity
sensor is located about 0,9m above the high side of
the roof, as shown in figure 6.2.
Figure 6.3 – The weather station unit
The internal unit is mounted in the utility room of
the house more or less right beneath the external unit shown on Figure 6.1.
All data collected by the external weather station unit is submitted wirelessly from
the roof to the internal weather station. The internal unit then communicates
wirelessly with the local data acquisition unit.
The installation of the external unit was partially
prepared at the university lab where the vertical
pole included in the package was extended in an
attempt to reduce the influence of the roof on the
wind flow monitored. The roof of the house has a
slope in one direction (positioning of monitoring
systems are shown later in this chapter) and the
position of the external unit is in the lower end of
the roof. In order to get especially the wind speed
Figure 6.4 – The weather station
and wind direction detector high enough and
internal unit
completely clear of the higher end of the roof, some
augmentation of the pole was made. The included pole was extended by 1.3m by
gluing it into a galvanized 1” steel pipe. The pipe was mounted in an unused TVantenna fixture located on the roof.
6.1.2 The temperature and humidity sensors.
All in all, four sensors measuring temperature and humidity were installed in pairs on
the outside and inside of the house. One sensor was installed outdoors on the south
side and another one on the inside of the same wall, and the same was done for the
north wall. All the sensors are of the same type (see figure 6.5). Their specifications
can be found in Appendix 15

67

Figure 6.5 – External and
internal temperature and
humidity sensor.

Figure 6.6 – The box
housing the external
temperature and humidity
sensor.

Figure 6.7 – Internal
temperature
and
humidity sensor installed.

Figure 6.8 – Ext. south Figure 6.9 – Internal north Figure 6.10 - New
façade
temp,
and façade temperature and external box with hole
humidity sensor.
humidity sensor.
for sensor contact to
outside air.
The sensors are installed on the façades at a height of about 2,2m. The one on the
south façade will be in direct sunlight most of the day when the sun is shining,
whereas the ones installed on the north façade will be in the shade and therefore less
affected by the sunlight. These different locations are chosen as the temperature and
humidity levels can vary due to the amount of exposure to direct sunlight.
The temperature/humidity sensors are, like the weather station, connected wirelessly
to a gateway positioned in the utility room of the house. The sensors located outdoors
are placed in standard watertight plastic boxes normally used for electrical
connections that are fixed to the cladding (see figure 6.6 and 6.8). Due to problems
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with the external sensors, a new box was created (see figure 6.9). The problems are
described in section 7.3. The indoor sensors are glued directly to the wall (see figure
6.7 and 6.10). The internal sensors are wirelessly connected to the same gateway as
the external ones.
6.1.3. Flow meter sensor.
In order to measure the amount of incoming hot water to the house, a flow sensor was
installed. The original flow meter installed in the house did not have the required
fittings for mounting a sensor and was therefore switched with a new flow meter. The
new flow meter is equipped with a magnet on the needle to allow the monitoring of
its rotation. On top of the new flow meter, an electromagnetic sensor (Figure 6.11)
was fitted that measures the amount in m3 of water running through. The sensor
measures the rotation of the needle; one rotation equals 0.1 m3 of hot water. The
sensor is connected to a data acquisition unit sending wireless data to the gateway
located in the same room (the utility room).

(a)
(b)
(c)
Figure 6.11 – The flow meter. (a) Old flow meter, (b) New flow meter, (c) New flow
meter with a flow sensor installed.
6.1.4 Temperature of incoming and outgoing hot water.
The main hot water pipes, both in and out of the house, were equipped with a
temperature sensor (see specification on Dallas 18B20 sensor in appendix 15). The
sensors were fixed with steel clamps to the copper union-T fitting of the pipe system,
both the in-flow and the back-flow. After installation the sensors were wrapped in
insulation and duct tape to minimize the influence of external temperature
fluctuations. The sensors are both connected to the same data acquisition unit as the
flow meter sensor and the data is transmitted wirelessly to the gateway.
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Figure 6.13 –Insulated
temperature sensor

Figure 6.12 – not insulated
temperature sensor

1.
5.
3.
2.
4.

6.

Figure 6.14 – the whole water system in the house. 1: Heat exchanger, 2. Floor
heating distribution pipes, 3. Incoming hot water, 4. Outgoing hot water, 5. Flow
meter, 6. Hot water.
Figure 6.14 shows the entire cold and hot water system in the house. To the left,
marked with 1., is a heat exchanger for the hot tap water. This is a closed system
heating up the incoming cold water, as the hot water in the area contains unwanted
sediments. All the way to the right marked with 2. are the hot water distribution pipes
for the floor heating system. At 3., the incoming hot water is measured and at 4., the
outgoing hot water is measured. At 5., the flow meter is located. 6. is where the hot
tap and shower water distribution pipes are located, and just below are the cold water
distribution pipes.
6.1.5. Temperature sensors in the heat exchanger unit.
The heat exchanger was fitted with four temperature sensors of the same type as were
installed on the hot water pipes. One sensor was installed in each of the four ducts of
the heat exchanger; i.e. the internal supply air duct, the internal exhaust air duct, the
external supply air duct and the external exhaust air duct. The sensors were fitted
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tightly in a 10 mm hole that was drilled in each duct. They were then glued using
silicone and duct tape to ensure airtightness of the ducts and to prevent the pressure
within the duct from pushing the sensors out of position (see figure 6.15). All four
sensors were connected to the same data acquisition unit, which then transmitted the
data to the gateway.

t4.
t2

t1.

t3.

Figure 6.15 – Temperature sensors in the heat exchanger. t1: Fresh air intake, t2:
warm supply air. t3: Warm extract air. t4: External exhaust air.

Figure 6.17 – CT fitted in heat
exchanger

Figure 6.16 – Heat exchanger unit
opened.
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6.1.6. Electricity sensor on heat exchanger
The heat exchanger is driven by an electrical motor. In order to measure its efficiency,
a current transducer (CT) was fitted within the engine’s main 230V connection. The
CT is a blue clip, shown in figure 6.17, which is attached directly onto the neutral
electricity wire. The CT then measures the alternating electric current in the wire by
measuring a magnetic field created by electrons running through the wire. The CT is
connected to the same data acquisition box as the temperature sensors mounted in the
ducts.
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6.2 The monitoring connection and data acquisition
As mentioned in the previous chapter, all are sensors connected to a gateway located
in the installation room of the house. The gateway has a wireless 3G connection
through a sim card of the same type as in cell phones. The connection diagram below
(figure 6.18) illustrates schematically the connection setup of the whole system.

Figure 6.18 – The connection setup of the monitoring system.
All data is submitted to a webserver accessible from the internet. The layout of the
online data feed is illustrated in figure 6.19. Each row represents a sensor and is
described with a short name and an ID number. The data feed constantly updates and
indicates how long ago data from each sensor has been received. For instance, ID 247
on the hot water out of the building indicates that the last update on received data was
28 seconds ago, and the value received was 37,7. The four icons to the far right in
each row let the user edit the name of a sensor, delete a sensor, and create a graph
from all data received, and the last icon lets the user export the data to a .CSV file
(comma separated values) compatible with Excel.
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Figure 6.19 – Layout of online datafeed from sensors expect the two external
sensors.

6.3 Issues and challenges with the monitoring equipment.
Several issues defied the start-up of the monitoring equipment. These issues were
luckily solved along the way. In that context, it is important to point out that thorough
planning is crucial for a project like this to become successful.
The house in Eyrarbakki is located about 60km from central Reykjavik and it is
therefore not a quick fix when problems occur. The long distance combined with the
fact that the house is rented out to tourists and therefore not accessible at all times
makes it even more challenging to fix any problems fast.
The first problem experienced was the sudden loss of internet connection, when the
owner of the house turned off the wireless 3G connection, due to excessive data usage.
It is most likely that the excessive data usage comes from some of the visitors to the
house, as the data acquisition units submit only a small amount of data bytes and it
was within the first days after the system came online that the connection was closed.
This issue was solved by installing another independent wireless 3G connection
sponsored by the Innovation Centre.
The next issue occurred due to missing data points during intervals of several hours.
The missing data points were the weather data from the weather station on the roof.
It turned out that even though the internal part of the weather station was situated in
the utility room right below the external weather station, the signal strength was not
strong enough. This was solved by moving the internal weather station closer to the
window in the north façade in the utility room.
Data acquisition unit no. 2, indicated on the diagram in figure 6.18 (Named box 2 on
diagram), which gathers data from the heat recovery unit, hot water temperatures in
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and out and the in-flow of hot water sensor, also caused some problems. The unit was
initially connected to a 230V socket located next to the entrance to the utility room.
This socket, however, turned out to be used for different purposes by the cleaning
staff and the unit was therefore unplugged occasionally and sometimes not re-plugged.
This resulted in long periods without data from the sensors attached to this unit. The
power connection was moved to another outlet using an extension cord.
The extension cord, however, did not solve the problem completely as data points
were still missing from the sensors in the heat recovery unit. This turned out to be
caused by the extension cord, which was badly grounded. After the cord was properly
grounded, the data acquisition was as desired.
A quality assurance measure was initiated to see the precision of some of the data. In
particular, the weather station on the roof was studied, as the build quality of the
external unit in many ways seemed to be somewhat cheap.
Figure 6.20 and 6.21 show the barometric pressure in hPa from the same week in
December. One represents measurements by the Icelandic MET office at their station
in Eyrarbakki, whereas the other shows the measurements at the house. The two
figures can be considered to be almost identical and are a good indication of the data
quality from the weather station. Figure 6.21 has two areas with data points missing
over a larger period. These two areas are indicated with red circles on the graph. This
is due to the issues related to limited signal strength between the internal and external
weather station unit, as previously discussed.

Figure 6.20 – Iceland MET-office graph illustrating barometric pressure in hPa from
1st of December – 07th of December.
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Figure 6.21 – Weather station data on Barometric pressure in hPa from 1st of
December to 7th of December
Figure 6.22 and 6.23 show the time history of the outside air humidity. On one hand
data collected by the weather station and on the other data published by the Icelandic
MET office. Again the signal strength issue is visible on the figure 6.23 and is
indicated with two red circles. The two graphs show a similar looking pattern with
time, however the humidity scales are very different. The data from the weather
station illustrated in figure 6.23 shows consistently much lower air humidity
compared the data from the MET office. This inconsistency in the data from the
weather station and the MET office may perhaps be explained by the location of the
weather station on the roof. As shown on figure 6.2 and figure 6.3, the weather station
is mounted directly above the exhaust tube from the heat exchanger. The air blown
out from the exhaust may possibly affect the humidity measured by the sensor in the
weather station. Therefore, the data collected may be an underestimation of the true
humidity.
The same inconsistencies can be seen in the data from the outside temperature sensor
in the weather station. Here, the pattern once again is the same, but now the
temperature is somewhat higher in the weather station data than the MET office data.
Again, this is very likely due to the hot air coming from the heat exchanger exhaust
tube, which may affect the temperature measured by the sensor in the weather station.
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Figure 6.22 - Iceland MET-office graph illustrating outside air humidity in % from
1st of December – 07th of December.

Figure 6.23 - Weather station data on outside air humidity in % from 1st of December
– 07th of December
In Appendix 08 a comparison between other variables collected by the weather station
and data from the MET office station at Eyrarbakki is shown. Those include wind
speed, wind direction, temperatures and dew-point temperatures.
The data collected from the weather station on these are fairly accurate when
compared with the MET office data located in the same appendix.
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Chapter 7 Acquired data presented
The following chapter is a description of the data that was collected from the sensor
equipment installed on the house in Eyrarbakki. The chapter also serves as a
description of further implications and changes that were encountered and carried out
later on in the progress of this thesis.
The data that has been recorded in the house has in many ways turned out to be
problematic.
First of all, the sampling rate, which is the amount of data recorded pr. time interval,
is not constant and the individual sensors don’t have the same sampling rate.
The sensors are of a type with a unique ID and timestamp, and this means that the
measurement period isn’t the same for each sensor.
The data collected from the sensors also contain many outlier values illustrated by
either zeros (where not expected) or extremely high values which are false as they do
not correspond to a physical possible reality.
The data has been plotted into the following figures with the most obvious outlier
values removed. The data has furthermore been resampled allowing a correlated
timestamp with reasonable accuracy.
Due to the problematic data, the general illustrations are drawn to illustrate a not too
detailed picture as the data doesn’t justify going into too much detail. There are,
however, examples with more detailed graphs in order to explain some of the more
general illustrations.

7.1 The hot water in and out.
Figure 7.1 depicts the incoming and outgoing hot water temperatures in the house. As
the figure shows, the sensor for incoming hot water started measuring about one
month prior to the outgoing water sensor. As illustrated in the figure, the data contains
some major fluctuations in both incoming and outgoing water temperatures.
Furthermore, the outgoing temperature is often unusually high. This temperature was
expected to be near 20 - 25°C and not as measured, where it most of the time is
between 30 - 40°C and in some cases even higher.
From a second visit to the house it was discovered when the fluctuations in the hot
water temperature occurs as well as why.
When no hot water is used in the house, the incoming hot water temperature is
measured at the sensor to be about 60°C, and the outgoing about 40°C.
When the house is in use and the heating systems are operating, the temperatures
change rapidly. When the floor heating is turned on the outgoing temperature drops
within 10 minutes down to around 22 - 25°C. This was discovered by changing the
heat settings of the house at the second visit.
The big fluctuations in figure 7.1 illustrate the changes in the hot water temperature
when the floor heating is turned on and off. This discovery furthermore corresponds
with the usage schedule in appendix 07. Here it can be seen that for a period from
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mid-November to the end of December the house simply did not have any visitors
and the heating system therefore was not activated. When looking at that same period
on figure 7.1, the fluctuations in temperature are minimal and a more constant
temperature of 35 – 40°C is maintained, supporting this discovery.
With the reason for fluctuations in temperature sorted out, we still needed to find out
why the temperatures were measured to be so much higher than anticipated. The
theory on why this is, is that the floor heating has a circulation through the main
distribution pipes when no hot water is in use and they are therefore are at a low flow
rate. This means that when the flow is low the hot water never enters the floor heating
pipes but instead is circulated through the distribution pipes and then directly out of
the house. This results in an outgoing temperature that is around 20°C lower than the
incoming temperature. This explains the high outgoing temperature as the heat is
never utilized fully through the floor pipes.
When the system is activated, the flow rate increases and the water runs into the floor
heating pipes. Now the energy is utilized as intended through the floor heating and
the outgoing temperature reflects this with a much lower temperature of around 22 25°C.
The fluctuations in incoming hot water were initially assumed to be coming from the
water supply in Selfoss. This, however, is not the case. These fluctuations also occur
from the usage of the house.
A combination of two factors result in this fluctuation. 1. The flow of incoming hot
water varies depending on whether the house is in use or not. When the house is in
use, the hot water flow rate increases due to a higher water consumption. When the
house is not in use, the flow rate drops again.
2. The thickness of insulation covering the sensor mounted to the pipe is too thin,
resulting in measurements being affected by external temperatures from the room it
is located in.
In the period mid-November to the end of December, when the house did not have
any visitors, the temperature was rather stable. According to the hot water supply
company Selfossveitur, the incoming hot water temperature is about 65-70°C in
houses located in Eyrarbakki. The temperature measurements during the stable period
was about 60 - 65°C. The sensor must therefore be considered to be affected by the
room temperature in such a way that the measured temperature is about 5-10°C lower
than the actual temperature of the incoming hot water.
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Figure 7.1 – Hot water incoming and outgoing temp.
Figure 7.2 illustrates the temperature difference between the incoming and outgoing
hot water. The figure illustrates a subtraction of the hot water in with the hot water
out temperature. Like figure 7.1, it illustrates high fluctuations when the house is in
use and a more stable temperature when the house is empty.
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Figure 7.2 – Temperature difference hot water in and out of the house.

7.2 The flow meter
The flow meter measuring the amount of hot water being used stopped functioning
shortly after installation and the data that was actually collected was invalid. The
sensor is the blue disk installed on top of the flow meter, illustrated in figure 6.11.
Under the disk is a magnet measuring the spinning of the needle below. The disk can
be hard to place correctly above the needle and the needle being measured is
indicating 0,1m3 / 100liters of usage per. spin. This means that when the disk is placed
correctly above the needle, 100litres of hot water must be used in order to get a
reading. At a visit in February 2016 the sensors were rotated to a new position and
hot water taps and the shower in the house were turned on to determine if the sensor
was still working. It did not pick up a reading from this action, however. It then turned
out that by swiping a magnetised screwdriver over the sensor an immediate reading
happened. This meant that the sensor in fact was intact. It was then discovered that
the sensor was affected by the temperature sensors connected to the same gateway
and that data therefore wasn’t submitted to the cloud. The flow meter sensor was
therefore disconnected and a separate wireless connection for this sensor was installed
to prevent any interference from other sensors. It was confirmed that there now was
a connection and that data could be received correctly by once again swiping a
magnetised screwdriver over the sensor.
As depicted in the usage schedule in appendix 07 the house is empty most days at this
time of the year. With the sensor only measuring 0,1m3 of hot water usage, it is
difficult to get any readings. In any future project it is advised to use a flow meter
with a magnet placed on one of the more sensitive needles measuring either 0,01 or
0,001m3. This would assist with obtaining readings even though little hot water is
being used.
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7.3 The external sensors
The two external heat and moisture sensors on the northern and southern façades only
recorded data for a short period and the data collected was invalid. The reason for this
was due to moisture. For one, the sensors are designed for internal usage and the
waterproof box they were put in got filled with moisture and the electrical circuits did
not survive this. Secondly, the data that was measured was within the closed box and
the moisture content was not similar to the outside air moisture content. The sensors
therefore where replaced with two new ones. In the new boxes the electrical circuits
are isolated from the sensor and the sensor has connection to the outside air through
a hole in the underside of the waterproof box. The new box was attached on top of
the old box as shown in figure 6.10.
With the new external temperature sensors were installed, the previous theory
regarding the temperature measurements from the roof being too high was confirmed.
This is depicted in figure 7.3. Here, it is illustrated that the temperature measured by
the weather station on the roof next to the ventilation exhaust is about 2°C higher
(yellow line) than the temperature measured by the new sensors on the south façade
(blue line) and north façade (red line). Each day at noon the south wall receives direct
energy from the sun, resulting in a higher temperature on the south façade during
daytime. This is shown with big peaks in the south wall temperature measurement.
Outside peak time, which is at night, the temperature is generally a bit higher on the
north façade than on the south façade. There is, however, uncertainty regarding
whether this is due to inaccuracy in the sensors or some small effects from the house;
this is shown here.

Figure 7.3 – External temperature readings.

7.4 The Heat exchanger
Figure 7.4 shows the electric power usage recorded by the current clip in the heat
exchanger. The figure shows an almost constant usage between 0w and a little above
2000w. The figure looks somewhat strange. However, if the time interval is changed
into a shorter period, the readings make more sense. (See figure 7.5). Here, the electric
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power indicated with a blue line draws a special pattern on the heat exchanger. It
shows how the heat exchanger turns on the heating element at a programmed time
interval. In this case, every 5th minute the heating element is turned on and the power
consumption rises. The element is on for about 2 minutes and then shuts down again.

Figure 7.4 Electric power from the heat exchanger including the 2000w AC heating
element.
Figure 7.5 furthermore shows the internal air outlet temperature (t2), internal air inlet
temperature (t3) and the temperature on the internal north and south walls.
For this project we wanted to see the electric consumption without the 2000w heating
element as this is not an optimal solution in Iceland. A water heating unit would be
much preferred. Originally we thought that the 2000w electric heating element was
not connected and therefore the measuring clip was attached where it is. Because of
the 2000w heating element the measurement of the electricity cannot be used as we
only wanted to know the electricity use for the electric motors and then calculate the
air flow from this information. This was intended then to be plotted with an efficiency
calculation of the heat exchanger. Therefore, this measurement cannot be used.
Instead, a temperature transfer efficiency calculation will be carried out in chapter 8.
This will be based on the temperature sensors located in the ventilation ducts above
the heat exchanger and plotted with the internal and external temperatures.
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Figure 7.5 – Data plot in data from heat exchanger and internal temperature sensors
on north and south façade.
Figure 7.6 depicts the air temperature within the ventilation ducts just above the heat
exchanger. The figure illustrates the air temperature coming from the outside (t1) as
well as the air temperature coming from within the house(t3). The recording of data
started about 2 months earlier for the intake air temperature of air coming from inside
of the house.
The figure corresponds with the usage schedule in appendix 07. It shows a higher
internal intake temperature(t3) when the house is in use. The external intake
temperature (t1) follows the outside temperature and gradually falls the closer we get
to winter. It is, however, anticipated that the external intake temperature(t1) is
somewhat higher than the external air temperature as the sensors are placed well
inside the house and the air must be expected to gain some temperature before it hits
the sensor. Figure 7.7 illustrates the external intake temperature (t1, green line) VS.
the external south and north temperature (blue and yellow). Here, it is clear that the
intake temperature is about 7°C higher.
Figure 7.7 furthermore shows the internal intake temperature (t3, red line) VS. the
internal south and north temperature (brown and purple line). The internal intake
temperature follows the south and north temperature as expected.
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Figure 7.6 – Air Intake temperature for heat exchanger from outside and
inside the house.

Figure 7.7 – Internal and external north and south wall temperatures V.S. Internal
and external air intake temperatures in heat exchanger.
Figure 7.8 depicts the air temperature blown into the house as well as blown out of
the house. At first glance, the internal output temperature (t2) has some funny looking
fluctuations. However, if the data is correlated with the heating elements data at a
shorter time interval the fluctuations make much more sense. This is illustrated in
figure 7.9 and it is clear that the temperature profile follows the heating element
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profile. When the heating element is turned on, the internal output temperature
immediately rises from about 19.5°C to 26°C then goes down as the heating element
turns off.

Figure 7.8 – Output air temperature to inside and outside.

Figure 7.9 – Internal output air VS. electric heating element usage.
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The external output temperature in figure 7.8 is the air temperature of used air coming
from within the house after it has gone through the heat exchanger. It shows that the
output temperature varies within about 10°C. If the data of the external output
temperature is compared with the internal intake temperature (figure 7.10), we can
see that the heat exchanger utilizes the intake air in such a way that the output air is
about 10°C lower.

Figure 7.10 – Internal air input VS. external air output.

7.5 Internal north and south temperature and moisture sensors
Figure 7.11 represents the recorded temperatures within the house at the north and
south façades. It reveals as expected a higher temperature on the south wall than the
north wall.
Figure 7.13 illustrates the size of the temperature difference by subtracting the south
wall temperature from the north wall temperature. In general, the temperature
difference is within 4°C. November through December there are some longer periods
with bigger temperature differences; this is very clear on figure 7.11. These bigger
differences are assumed to be due to incoming sun through the big glazed areas on
the south façade. Figure 7.12 illustrates the temperature differences over a shorter
time period and here we can see that before 12:00 the temperature difference is about
4°C and after 12:00, when the sun is up in the sky, the temperature spikes up and falls
again a few hours later as the sun goes down.
The times when the temperature difference goes negative in figure 7.13 are assumed
to be when windows on the south façade have been opened and the south wall sensors
therefore have picked up colder temperatures.

88

Figure 7.11 – Internal temperatures on north and south wall

Figure 7.12 – Inside temperatures on north and south wall
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Figure 7.13 – Temperature differences within the house
The north and south wall sensors also measure the relative humidity and figure 7.14
and 7.15 depict these data. Also, here the data is, as expected, showing a higher
relative humidity on the north wall than the south wall. This is mainly due to the
colder air temperature in the northern part of the house, explained primarily by less
incoming sunlight through the windows.
It also shows that the difference in relative humidity changes according to changes in
temperature, which was expected. This is illustrated by figure 7.16 with a shorter time
interval.
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Figure 7.14 – Relative humidity on north and south wall inside the house

Figure 7.15 – difference in relative humidity on north and south wall
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Figure 7.16 – Internal Temperature vs. internal humidity on north and south wall
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Chapter 8 Comparison of acquired data
The original intention of this chapter was to make comparisons of main results in the
report. First, the results of the BM-Excel energy model and the Autodesk Green
Building studio were to be compared. The result of the Green Building studio model,
however, turned out to be inconclusive and a comparison of the two models therefore
is not possible. The comparison of the actual energy use measured in the house and
the calculated result from the BM-Excel model also was a desired result; this,
however, also turned out not to be possible due to problems with the flow meter sensor.
This chapter therefore instead focuses on comparing other data acquired from the
project. I will be comparing external data on temperatures and wind velocity. I will
do a temperature transfer efficiency calculation on the heat exchanger and also a
comparison of the BM-Excel model result with statistics from OR (Reykjavik Energy
Authority).
For comparing the external temperature and wind measured, data from the IMO will
be used. This gives an indication of the quality of the acquired data. By looking at
this, it can be determined whether the sensors ought to be used for other projects, or
if other types of sensor equipment should be chosen for more precise results. It can
also be used to optimize installation of sensors for future projects.
In order to compare the data, the IMO has provided hourly mean climatological data
from weather station 1395 located in Eyrarbakki. The data available from the IMO is
represented in table 8.1.
Table 8.1 – Data from IMO weather station 1395
T
TX
TN
TD
RH
D
F
FX
FG
P

Mean temperature °C
Average daily maximum temperature °C
Average daily minimum temperature°C
Dew point temperature°C
Relative humidity
Wind direction
Mean wind m/s
Max mean wind m/s
Gust wind m/s
Mean sea level pressure

The data is available for the period 06/10/2005 - 14/3/2016. In this chapter, I will be
using mean temperatures and mean wind from the IMO data for the comparison.
I will compare the wind velocity data collected by the weather station located on the
roof of the house. Also the external temperatures measured at the north and south
façades will be compared with the IMO temperature data in order to see if the
microclimate located around the house deviates much from the data collected by the
IMO. I will be using the data set on a period that fits the running time for the given
sensor. The exact interval is described in later parts of this chapter.
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The efficiency of the heat exchanger was furthermore a desired result to compare with
the assumed efficiency in the model. The unwanted intervention of the 2000w heating
element, however, made this comparison more difficult to do precisely. Even so, this
chapter will be looking at comparing the efficiency by calculating the temperature
transfer efficiency. This will be carried out by using the measured temperatures in the
four ventilation ducts entering the heat exchanger unit.
The intention of calculating the actual energy use of the house with the result of the
BM-Excel turned out not to be possible as the flow meter sensor measuring the
amount of hot water used simply never started functioning correctly. This meant that
no data on hot water usage was ever collected. In this chapter, I will therefore instead
compare the result from the BM-Excel model by plotting numbers with average
consumption statistics from OR into the model.
Given a larger timeframe, it should be possible to acquire data on energy consumption
in the house. It all depends on getting the flow sensor up and running.

8.1 Comparison of available wind velocity data.
For this comparison, I will be using the collected data on wind velocity acquired by
the weather station located on the roof of the house. For the comparison, hourly mean
data will be used. This means 24 data points per day. The reason for this time interval
is primarily due to the comparable data from the IMO, which is in mean hourly values.
Furthermore, the amount of data when extracting shorter time intervals from the cloud
drive has proven to be very difficult to handle.
The data from the IMO is constant for each hour in the day. The data acquired from
the weather station is not as consistent and therefore can result in some inconsistency
in the result.
The wind blows with different velocities depending on the height and location at
which it is measured. Wind velocities at different heights can be compared by the use
of logarithmic wind profiling. Here, wind velocity is calculated at different heights
based on a reference height and the wind velocity at this height.
Logarithmic wind profiling can be imprecise where hills, ridges large trees and other
big obstacles surround the site. In a flat terrain, however, the logarithmic wind profile
can be used as a good estimate to compare wind velocities at different heights.
For the location in Eyrarbakki, this method fits very well. In areas with more obstacles
in the terrain, one could argue about how precise this calculation would be.
The equation for determining the logarithmic wind profile is depicted in e.q. 8.1
!
g
] = ]
!
f@
g
f@

(8.1

Eq. 8.1 consists of the following factors:
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•
•
•
•
•

h1 is the reference height above the ground; in this case 10m as the IMO wind
anemometer is located at 10m height[40].
h2 is the height desired to compare; in this case 5m as the weather station is
located about 5m above ground.
V1 is the wind velocity at height h1
V2 is the calculated wind velocity at height h2
Z0 is the surface roughness length.

The surface roughness length, Z0 , describes the roughness induced by obstacles
located in the landscape that affect the shear layer at the surface which controls the
shape of the wind profile. All of Iceland used to be classified by having a surface
roughness, Z0 = 3 cm [40]. This is equal to a roughness class between class I and II in
the Eurocode. The classes are described in European standard EN 1991-1-4:2005+A1
- Eurocode 1: Actions on structures - Part 1-4: General actions - Wind actions. The
classes as described are shown in table 8.2.
Table 8.2 Terrain categories and terrain parameters[41]
Terrain category
0. Sea or coastal area exposed to the open sea
I. Lakes or flat and horizontal area with negligible vegetation
and without obstacles
II. Area with low vegetation such as grass and isolated
obstacles (trees, buildings) with separations of at least 20
obstacle heights
III. Area with regular cover of vegetation or buildings or with
isolated obstacles with separations of maximum 20 obstacle
heights (such 0,3 5 as villages, suburban terrain, permanent
forest)
IV. Area in which at least 15% of the surface is covered with
buildings and their average height exceeds 15 m
NOTE: The terrain categories are illustrated in A.1.

Z0
m
0,003

Zmin
m
1

0,01

1

0,05

2

0,3

5

1,0

10

Today, the surface roughness class can be chosen freely by a designer from the EN
1991-1-4:2005+A1 - Eurocode 1: Actions on structures - Part 1-4: General actions Wind actions. For this calculation, I will be using a surface roughness of Z0 = 3 cm
as the Eyrarbakki area is located at the sea and without larger obstacles in or around
the area.
E.q. 8.1 was adapted into a spreadsheet containing hourly mean wind data from the
IMO in the time interval 09/11/15 – 12/01/16. An export of mean hourly wind data
of the house was performed and added to the same spread sheet. The two data sets
were then plotted into the same graph and the result can be seen in figure 8.1. The xaxis represents the time interval of the collected data. The y-axis represents the wind
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velocity in m/s. The orange dots indicate the data set from the weather station located
on the roof of the house. The blue dots indicate the data set from IMO profiled to
wind velocity at 5m height, i.e. the same height as the anemometer on the roof of the
study building.

Figure 8.1 – Comparison of wind data recorded above the roof of the house in
Eyrarbakki and IMO data adjusted to represent wind velocity at 5m above terrain.
There is a gap in the house data from around 17/11/15 – 01/12/15 due to technical
problems mentioned earlier in this report. Besides this missing time interval, the data
comparison looks good and fairly similar. The precision of the weather station can
therefore be considered as relatively precise and indeed useful. With relative high
wind velocities in Iceland, these data can be used when determining a building’s
resistance to wind pressure, as well as being used as a factor to determine if the choice
of cladding is suitable for the building in a given area. Cladding includes finish
material on both walls, roofs and roof terraces.

8.2 External temperatures compared
The comparison of monitored external temperatures with IMO data can be useful to
see if the sensors seem to be functioning properly and to determine if the climate
around the house deviates much from the IMO data. For this comparison, I will be
using the collected data from the external temperature sensors installed on the house’s
north and south façades. The temperature data collected by the weather station on the
roof will not be included in this. The sensors on the facades are installed at about 2m
height, as can be seen on figure 6.8. The data available from the IMO comes from
weather station 1395 located in Eyrarbakki close to the house. This data is also
measured at 2m height. The data sets should therefore be comparable. The
comparison is once again carried out by comparing mean hourly data for the same
reasons mentioned in chapter 8.1.
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Figure 8.2 represents a comparison between the mean hourly temperatures from the
IMO weather station in Eyrarbakki and the recorded data obtained at the house’s north
and south façades. The y-axis marks the external temperature and the x-axis marks
the time interval. The time interval of the data set goes from 12/02/16 – 14/03/16.
The reason for the rather short time interval is the new temperature sensors that had
to be installed on the house. These simply were not up and running before the 12th of
February.
The comparison of the three data sets depicted in figure 8.2 shows a good connection
with a very similar pattern between the three.
The record data from the temperature sensor located at the north façade has some
outlying values which are shown as being much higher than either of the two other
data sets. The explanation for why these values deviate so much is assumed to be due
to the window in the utility room being located next to the temperature sensor (see
figure 6.8). When the window is opened, the hot air from the inside of the utility room
flows out past the sensor, affecting the measured temperature. This could have been
prevented by placing the sensor further away from the window.
The temperature difference between the north and south was expected to be more
visible, with south temperatures being higher due to solar radiation. The explanation
for why these differences aren’t greater is that the measured period was during the
winter months with a relatively low position of the sun and thereby less daylight. Had
the measured period been during the summer months, the difference must be expected
to be higher.

Figure 8.2 - Mean hourly external temperatures in Eyrarbakki compared

8.3 Heat exchanger efficiency
For calculating the temperature transfer efficiency, data from three of the four
temperature sensors installed in the ventilation pipes are used. Figure 4.10 shows the
location of the three sensors used for the calculation.
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Before starting the calculation it is important to mention the 2000w electric heating
element. We know that the heating element might affect the result of the calculation
as it is positioned in the internal air out (t2) duct. Since it is not know exactly how far
from the temperature sensor it is located, it is unknown how the heating element will
affect the result of the calculation.
Eq. 8.2 calculates the temperature transfer efficiency based on the acquired data from
the temperature sensors. The equation was applied in an Excel spread sheet containing
measurements for the three temperatures for each minute over the measured time
interval.

μ` =

(`i [`j 

(8.2)

(` [`j 

The result of the temperature transfer efficiency is depicted in figure 8.3. The x-axis
of the figure indicates the time interval. On the y-axis both internal temperatures and
efficiency of heat exchanger are illustrated.

Figure 8.3 – Efficiency calculation of heat exchanger.
The result of the calculation indicates an efficiency estimate that roughly spans
between 60% and 120%. This result shows an efficiency that in many cases is well is
above what is physically possible, as the upper limit of efficiency on this type of heat
exchanger unit is 87% as shown in figure 4.12. This tells us that the heating element
is causing great interference with the result and that Figure 8.3 therefore does not
show a correct picture of the reality.
When looking into some of the data, it shows various discrepancies. One of these
being the external temperature used for the calculation. Table 8.3 illustrates the
measured temperature at sensor t1 compared with the IMO data in the same time and
day.
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Table 8.3 – External temperature difference and effects on efficiency results
compared.
Time and date Calculated
Measured
External
Temperature
efficiency
external
temperature
difference (t1 temperature at from IMO
IMO)
t1
13:00
116%
9°C
3,8°C
5,2°C
25/01/2016
13:00
72%
6,5°C
2,4°C
4,1°C
16/01/2016
As shown in table 8.3, on the 25th of January 2016 at 13:00, where the calculated
efficiency is at 116%, the measured external temperature in the heat exchanger pipe
(t1) is 9°C. At the same time and date, the IMO data shows an external temperature
of 3,8°C. This suggests that either something has affected the sensor on the house or
that the air is heated by 5,2°C by going through the roof construction and through
about 1.5m of non-insulated pipe from the ceiling to the sensor’s location. On the 16th
of January 2016 at 13:00 where the efficiency was 72%, the measured external
temperature (t1) was 6,5°C. At the same time, the IMO data depicts an external
temperature of 2,4°C, a difference of 4,1°C.
This finding shows that the external air temperature measured in the pipe (t1) just
before entering the heat exchanger is subject to an increased temperature from
receiving heat from the surroundings within the house.
If we go further and look into t2 and t3, we see the following:
Table 8.4 – t2 and t3 compared
Time and date

t2

t3

13:00 25/01/2016

Calculated
efficiency
116%

23,7°C

21,72°C

13:00 16/01/2016

72%

18,71°C

23,56°C

When the temperature of the air that is blown into the house after going through the
heat exchanger (t2) is above the temperature of the dirty hot air that is sucked out of
the house before entering the heat exchanger (t3) the temperature transfer efficiency
goes above 100%. This suggests that there are other factors affecting the sensors. The
main element here would be the 2000w heating element that affects the sensor and,
when turned on, applies additional energy and, by that, heat which affects this
calculation. Figure 7.9 depicted the heating element’s cycle and showed that the
heating element is on for about 1,5 minutes and off for about 5,5 minutes. With this
information, we can look at the data in a more simplistic manner as the amount of
data used for the previous figure was too heavy to work with. The efficiency
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calculation is once again done by use of eq. 8.2, but this time without getting the
interference of the heating element, or at least little of it. For the calculation, it is
assumed that the ventilation flow rate is the same at all times. We know from
inspecting the system that the ventilation rate can be changed, but this only can be
done manually and we therefore assume that no one has been changing it in the
measured period. By looking at the data as it is depicted in figure 7.5, the data
readings are done for t3, t2 and t1 at the time that t2 is at its lowest. It is here that the
interference from the electric heating element in the heat exchanger is off, or at least
at its lowest.
For this calculation, I have chosen three different data readings for two different dates.
Furthermore, the temperature measured at the roof is included: The readings and
calculation look as the following:
Table 8.5 – data readings directly from graph on 2nd of March and 1st of May
Date and time

T1 in °C

T2 in °C

T3 in °C

March 2nd 15:50
March 2nd 16:10
March 2nd 16:30
May 1st 11:00
May 1st 11:20
May 1st 11:40

1
-1
0
11
12
13

18
18
17,5
20,5
20
19,5

21,5
21,5
21,5
22
22
22

Outdoor
temp on
roof in °C
2
2
2
9
9
9

Efficiency

83%
84%
81%
86%
80%
72%

The data readings from table 8.5 were then plotted into figure 8.4 below.

Figure 8.4 – Efficiency calculation on heat exchanger from readings
of graph like the one in figure 7.7
The result of this shows a more correct picture of the reality of the heat exchanger.
The six efficiency figures plotted on the graph are, however, still a bit high, as 5 of 6
are between 1% and 5% from maximum possible efficiency of 87%. There is no doubt
100

that there are inaccuracies when reading directly off the graph, which could be one
reason for the slightly high efficiency. Furthermore, we know that the incoming
temperature t1 is affected by the house before entering the heat exchanger and
therefore also affecting the result. Finally, there might still be some heat left in the
heating element, even though it is off at the measured time. This would affect the
efficiency result.

8.4 Energy usage compared
Because the result of the BM-Excel model could not be compared with the actual use
in the house due to lack of data, a comparison of average numbers will be performed
instead. Orkuveitan (OR), the Reykjavik city utility company, does not have available
an estimate or information regarding the overall average heating energy for new
houses. Instead, they have provided average data on electricity usage and hot water
usage. It is unclear whether this data is solely on single family houses or in fact also
includes multifamily houses with two or three families living in it. If this is the case
then the results based on the OR numbers must be expected to be significantly higher
than the BM-Excel model, as the consumption in a house with three families must be
considered higher than in a single family house with 4 inhabitants.
In this chapter, the energy use based on the data from OR will be calculated and
compared to the result from the BM-Excel model.
OR provided the following data:
•
•
•

4-people family uses 4000 to 6000 kWh/year in electricity
Experience on hot water usage in m3/year spans from 1,2 to 1,5 times size of
the house in m3.
Incoming hot water temperature in Reykjavik is 75° to 80°C

The hot water usage is the actual usage in houses in Reykjavik based on experience
from OR. The result of the energy use calculation based on the OR numbers should
therefore not be compared with the total energy demand in the BM-excel model.
Instead it should be compared with the total energy need, which is the energy demand
after received “free” energy is accounted for.
The BM-Excel model looks at the energy use from heat energy consumption mainly
from hot water and not electricity consumption. Since the received “free” energy is
accounted for, the electricity usage of 4000 – 6000kWh/year from OR will not be
included in this energy calculation.
I will however based on assumptions calculate the amount of free energy received
from electricity usage based on the numbers from OR and compare result with the
free energy from electricity that was used in the BM-Excel model.
As described earlier, the incoming hot water temperature in Eyrarbakki is between
65°C and 70°C. Since the energy content in hot water in Eyrarbakki is lower due to
the lower incoming hot water temperature, the amount of hot water used in Eyrarbakki
to achieve the same energy usage is higher.
101

I will start by conducting the calculation for Reykjavik based on the numbers from
OR. Then, I will use the result to compare with the BM-Excel model. I will
furthermore use the result to calculate the energy content of hot water in kWh/m3 for
both Eyrarbakki and Reykjavik as these values are different due to the incoming hot
water temperature. With these results, I will furthermore calculate how much more
hot water must be consumed in Eyrarbakki to comply with a similar energy use as
calculated for Reykjavik.
For the calculation of the energy content in hot water, Eq. (8.3) is applied.
G = k × m` × 3

(8.3)

Where:
• E = Energy in kJ
• cp = specific heat of water taken as 4.2 kJ/kg°C
• dt = temperature difference between incoming and outgoing hot water in °C
• m = mass of water in kg is calculated on the basis of the amount of hot water
consumed
OR stated a use of between 1,2 – 1,5 m3times the size of house in m3. For this
calculation, I have chosen to use the lower bound value of 1,2 m3, as I am assuming
that the house in Eyrarbakki is rather energy efficient.
In the calculation of the temperature difference, I will be using the same outgoing
temperature for both Reykjavik and Eyrarbakki. For this I will use the measured
temperature from the house for when the house is in use and the water is in circulation
through the floor heating pipes. The measured temperature at the sensor was 22°C 25 ° C; however, the sensor is located about 1,5m from the outgoing hot water
distribution pipes. At these 1,5m the pipes are uninsulated. Therefore, a certain loss
must be expected. I will therefore use 30°C for the hot water out temperature for this
calculation.
For the incoming temperature, I will be using 65°C for Eyrarbakki and 75°C for
Reykjavik. The calculation on Reykjavik looks as follows.
Energy content in water in Reykjavik:
G=

o4.2

kJ
°C t × (75°C − 30°C
v5ℎ
kg
= 52,5  ↔
3,6
3

The energy use for Reykjavik is 52,5

wxy


× 1,2 = 63

wxy


=>$ z>K$

The estimated annual hot water usage in Reykjavik for a house with a similar size as
the house in Eyrarbakki is 338m3 x 1,2 = 405,6m3 pr. year.
Total energy need for a similar size house in the Reykjavik area is therefore according
to this calculation:
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52,5

v5ℎ
× 405,63
v5ℎ
3
= 167,7  =$. z>K$

3
1273

Table 8.6 – Results of total energy need from BM-excel model and calculation on
Reykjavik based on OR numbers
Reykjavik
Eyrarbakki
v5ℎ
v5ℎ
167,7  =$. z>K$
63,5  =$. z>K$
3
3
Table 8.6 shows a difference of 104,2

wxy
i

=$. z>K$ in the two calculations. The

difference in the two results are big. It is impossible to say that one is correct and that
another is not, as assumptions and uncertainties simply are too big. It is however
possible to mention what is believed to be the primary reasons for the big differences
and where they are located.
First of all the big difference indicates that the numbers from OR includes multifamily
houses which causes a higher energy consumption and partly explains the big
difference.
The second indication is believed to come from air change losses in the BM-excel
model. This includes ventilation recovery efficiency and calculated air change. These
assumptions come with great uncertainty and small changes could easily affect the
result of the BM-excel model in a way so that the result would increase much.
The two above mentioned uncertainties has such an impact that these alone are
believed to be the main reason for the difference in the two results.
After having estimated the energy use in Reykjavik based on OR numbers and
compared the result with the BM-excel model, the energy content in water in
Eyrarbakki is calculated. It looks as follows:
G=

o4.2

kJ
°C t × (65°C − 30°C
v5ℎ
kg
= 40,8 
3,6
3

Table 8.7 – Calculated energy content in hot water compared.
Reykjavik
v5ℎ
52,5 
3

Eyrarbakki
v5ℎ
40,8 
3

Table 8.7 is a comparison of the calculated energy content in hot water for Reykjavik
and Eyrarbakki. The result shows as expected a lower energy content in the hot water
in Eyrarbakki compared to Reykjavik. Since the same energy use is expected for a
similar house in Reykjavik and Eyrarbakki, we can calculate the difference in hot
water usage based on its energy content. With the calculated values above, the needed
amount of hot water usage to get to the same energy use in Eyrarbakki can be
calculated by the following:
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167,7

v5ℎ
=$. z>K$ x 1273
3
= 5223
v5ℎ
40,8 
3

As table 8.8 illustrates, the estimated hot water usage in Eyrarbakki is much higher
than in Reykjavik. This means that in order to reach the same amount of energy use
from the hot water in Eyrarbakki, the user has to use 522m3 of hot water compared to
the 405,6m3 in Reykjavik.
Table 8.8 – Estimated annual hot water usage compared.
Reykjavik
405,6m3 pr. year.

Eyrarbakki
5223 pr. year.

Electricity usage is variable and much dependent on the number of inhabitants as well
as the number of appliances and how and when these are in use. According to OR it
is common that a 4-people family uses 4000 to 6000 kWh/year in electricity. The
amount of electricity that is transformed into heat energy varies much. For instance,
with an old type incandescent bulb only about 8% becomes light and the remaining
92% becomes heat energy in the form of radiant energy as infrared and ultraviolet
radiation combined with conduction and convection heat[42]. For this reason,
incandescent bulbs are no longer sold in Europe and Iceland. The house in Eyrarbakki
is equipped with a combination of metal halide and fluorescent light. Both types are
more efficient. In metal halide 27% of electric energy becomes light and the
remainder is converted to heat energy[42]. Fluorescent light are less efficient but still
converts 21% electric energy to light[42]. Like light bulbs, TVs and kitchen
appliances etc. also convert different amounts of electric energy into heat energy;
these are very difficult to estimate though.
For this calculation, I assume that 80% of the total electric energy consumed becomes
heat energy. Furthermore, I will be using the higher value of 6000kWh as it still is
uncertain if this number is a family of 4 in a single family house or in a multifamily
house. With much of Reykjavik being multifamily houses this could mean a lower
electricity consumption as some electrical usage such as outdoor lighting, washing
and drying could be shared in the building.
80% of 6000kWh is 4800kWh in “free” heating energy per year. Table 8.9 compares
this result with the assumption used in the BM-Excel model.
Table 8.9 – Annual free heating energy received from electric appliances and lighting
Compared.
Result based on OR numbers for
BM-Excel model assumption for
Reykjavik
Eyrarbakki
4800kWh pr. year
7300kWh pr. year
The assumption used in the BM-Excel model is 52% higher than the calculated
4800kWh/year based on OR numbers.
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Once again it is not possible to say which is more correct as assumptions are too big.
Does the number from OR in fact include multifamily housing it makes sense that the
result is somewhat lower than the assumed value in the BM-excel model. Since the
BM-Excel model represents a single family house where no electric expenses are
shared with others.
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Chapter 9 Summary & Conclusions
9.1 Energy models
Energy modelling is a useful tool and can be applied for reasonable estimates under
predefined conditions. It must, however, always be in the back of one’s head that the
result of an energy model is not a result depicting the building’s energy performance
in reality.
It is as a benchmarking tool to make sure designers factor energy into the design at
an early stage, as well as a quantifying tool for legislating the building regulations
and it provides a common principle on how to assess a building to ensure it is designed
according to the regulations.
With numerous energy models available on the market it can be very difficult to find
a suitable and reliable model as these have been found to be geographically specific,
and the standards used in specific regions vary. Even when working with the biggest
developers in the CAD and BIM industry, there is no assurance that their software
can be utilized with a satisfying result.
The main results of the BM-Excel model consist of the total primary energy demand,
which was 183,4kWh/m2 pr. year, and the total energy need of 63,5kWh/m2 pr. year.
The result of the total energy need was remarkably low and further investigation on
especially the efficiency coefficient of supplied energy is needed as there are no
known guidelines on how these values represent a correct picture. The values of this
coefficient representing the conditions for each month have a very big effect on the
resulting total energy need as slight changes in the efficiency coefficients will result
in dramatic changes in the total energy need.
The predefined assumptions and inputs in an energy model will have a big effect on
the end result. For instance, the number of inhabitants in the models tested in this
thesis are set to four. This number varies considerably due to the day to day usage
pattern of the project house, but this also applies to buildings in general. The number
of inhabitants has a very high effect on e.g. hot water usage, which as mentioned
earlier, has a very high influence on the overall energy consumption of the building.
It must therefore be clarified for building owners that the end result of any energy
model is NOT an exact result that should be expected to show how the building
actually performs. Many factors are influencing the model and the result should be
observed as a static result under very specific conditions.
The 3-point method described in this thesis adds some room for fluctuating input
values and specifies the result with within a specific margin. It is a better format for
presentation to a building owner, which should then have some idea of the possible
variability of the energy requirements. However, as previously mentioned, it should
always be specified to the building owner that the results from an energy model is not
to be considered an exact result, but observed as a guideline under very specific
circumstances. Project 345-002[43] supports this conclusion and it describes the
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importance of keeping the building owner informed. Be10 [ref no.], which the Project
345-002 is based on[43], was originally developed by SBI for professionals to be able
to define a benchmark for the municipalities and building authorities to compare the
energy performance of different buildings. The method was developed to provide
benchmarking numbers and not to evaluate the actual energy performance of
buildings[33]. Due to a lack of communication and precise description, the model,
however, was very quickly adapted in the planning industry by both engineers and
architects to determine certain designs on e.g. window sizes and insulation
thicknesses at an early stage of a design. The problem with this adaption is that Be10
now determines the geometry of buildings. As Be10 does not account for factors such
as daylight, air quality etc.; design decisions based only on Be10 may result in a
building that does not fulfil the expectations of its owners and end users.
Project 345-002 proposes revisions of Be10 to better address the needs of engineers
and architects for a tool to use for building design as it is already so strongly
implemented in the planning industry in Denmark.
It is important to keep this example in mind when looking at energy modelling in
Iceland in order to prevent similar problems from occurring. The Icelandic planning
sector is still not using energy modelling tools to the same extent as is traditional in
Denmark, but with tighter climate goals in the future and increased pressure from
the international community on lowering emissions, energy modelling tools will be
used to a much wider extent in the near future.

9.2 Sensors, equipment and data
For this project, it is important to discuss the crucial importance of the equipment
being used. In this project, both the physical equipment as well as software for
controlling the equipment has caused many problems, and the time spend has turned
out to be much more than anticipated for this project. It furthermore illustrates the
importance of using equipment with known strengths and weaknesses if any
knowledge base is to be created.
The placement of monitoring equipment, such as the sensors placed in the house, is
of extreme importance for the accuracy and relevancy of the results. As seen from
both the weather station’s temperature sensor and the external north wall temperature
sensor, their placement causes them to be affected by hot air coming from the inside
of the house. Therefore, good planning before execution is crucial.
The software used for collecting the data has been found to be quite difficult to get
up and running correctly. The export method in order to acquire collected data is an
export into .CSV (comma separated text values) files that can be imported into various
data analysis programs, such as for instance Excel. The export itself did not work in
the beginning but was fixed. When the export function was running, an export was
easily done. However, the amount of data collected creates problems in Excel, even
over the relatively short time period of this project and Excel is not an ideal analysis
environment for large data sets.
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The data can also be used without export as the cloud service has a graph function,
among others, which lets the user combine graphs over desired time intervals. This
function is easy to use and provides good illustrations of the collected data. The user
interface of the cloud-based system is furthermore very simple and easy to use and it
is possible to become familiar with it quickly. Unfortunately, this function can only
be used with data collected to the cloud service. When comparisons are to be made
with external data, such as data from IMO, an export must be performed and the data
processed through Excel, MATLAB or other data analysis software.
The overall amount of data which was collected in the time interval of this thesis has
turned out to be a big challenge for the author to handle, with data for only a few
months already pushing normal computers to the limit. Excel has not turned out to be
very suitable for this amount of data, and for future data analysis where hopefully a
full year of recorded data will be available, other software for handling the data should
be addressed, e.g. MATLAB could be an option.

9.3 Future recommendations
The monitoring equipment can partially be used. The cloud service is definitely
recommended for its intuitive and easy online usability. After all, the main problems
have now been fixed; all sensors except the external north humidity sensor and the
flow meter sensors have been running without problems. In a future project, it would
be sensible to look into what other types of flow meter sensors exist as the current
one is difficult to mount correctly. Furthermore, one should look into the flow meter
itself to see if a more sensitive model is available. Regarding the external humidity
sensor, it appears that water has once again entered the box in which the sensor is
mounted, as readings briefly after installation of the new box rose to an almost
constant 100% humidity. It is therefore my recommendation in the future to find and
use sensors developed for external use as it simply is too difficult to construct a casing
that can withstand the Icelandic climate.
The weather station, which originally was noted as being of rather cheap quality, has
performed quite well considering the Icelandic conditions with several storms. The
data from it has furthermore looked accurate. This type of weather station could be
used in other low budget projects.
It is also crucial to have an experienced expert like Halldór Axelsson to overlook
installation connections on monitoring equipment as well as programming the cloud
service to work correctly with the monitoring equipment. It is also recommended to
investigate the possibility of data acquisition with a sampling rate providing a
simultaneous timestamp for all measured data for a more precise data analysis.
Unfortunately, in this thesis project we never got to do a comparison of the BMExcel model and the actual energy use due to the lack of a functioning flow meter
sensor. However, if this sensor can be applied correctly, and new external sensors
are installed, there should be a good chance of getting all data for a period from the
house to compare with the BM-Excel model. That said, the modelled result would
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always be different from the reality due to the variability in the usage of the house.
For any future projects, it is recommended to find a house with a more stable usage,
such as a typical family house, to improve the likelihood of getting comparable
results from the model and the full scale observations.
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Appendix 1. Original drawings of the house in Eyrarbakki
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Appendix 2. Correction for air cavities anneks A DS 418:2011
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Appendix 3. Window schedule from Revit BIM-model
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Appendix 4. Window U-value calculation results
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Appendix 5. Original sensitivity analysis summed up by 269
parameters
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Appendix 6. Altered version of sensitivity analysis fitting the
BM-excel model and used for 3-point estimation.
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Appendix 7. Usage schedule of the Project House
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Dark orange fields indicates bookings and therefore when the house is in use. White
and light orange indicates that the house has no bookings and therefore is assumed
empty.
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Appendix 8. First week of December 2015. IMO and weather
station data compared
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Appendix 9. U-value calculation results on building envelope
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Appendix 10. Weather data from IMO on Eyrarbakki
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Appendix 11. Results from Autodesk Revit and GBS
calculation
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Appendix 12. As built drawings of the house
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Appendix 13. Sensor data plotted
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Appendix 14. Installation drawings of the house
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Appendix 15. Sensor data sheets
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Digital thermometer installed in ventilation ducts and on hot water pipes (in and
out)
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Relative humidity and temperature sensor installed on internal and external north
and south facade.
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Velleman WS1080 weather station installed on the roof of the house.
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Appendix 16. DS418:2011 original text in Danish
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Appendix 17. Icelandic requirements

213

Tafla 13.01 Is the Icelandic requirement for maximum allowed U-values.

Gr. 10.2.5 Is the Icelandic requirements for residential space ventilation and related
rooms
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