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Abstract

According to Finnish glazing manufacturers, balcony glazing has been installed in ap-
proximately 75 % of Finnish apartment balconies, i.e. more than 600 000 balconies
over the whole country. Nearly all of the balcony glazing systems are constructed of 5
to 6 frameless single glass panes, whose 2-3 mm air gaps between panes are ar-
ranged to allow ventilation of the enclosed space. The main motivation for installing the
glazing has been to increase the usability of the space by protecting it from the natural
elements, and also from pollution and noise. As a rule, the glazing has not been con-
structed or installed to optimize the space’s indoor temperature conditions, nor to max-
imize the heating energy-saving effects.

The purpose of this study was to evaluate the heating-energy saving potential of the
glazing, and its effects on the indoor spaces, with field measurements and computer
simulations. The research consisted of detailed surface and air temperature monitoring
in two balconies and their adjoining flats, and monitoring of the air temperature on 22
balconies (17 glazed) and their adjacent flats in Tampere from 16™ July 2009 to 24™
May 2010. The research also included a detailed case-study of a glazed-in brick build-
ing in Malmd, which involved monitoring the temperature, relative humidity and air flow
in the building from the 28™ of October, 2013 to the 10™ of February, 2015. Along with
those studies, the suitability of the IDA Indoor Climate and Energy (IDA-ICE) software
for glazed space energy simulations was analyzed through a literature review and the
constructed model’s 'goodness of fit', which was verified by model calibration. After that,
the effects of the various characteristics of different flats, balconies and balcony glazing
solutions on the heating energy consumption of both the flats and the balconies’ indoor
climates were studied with 156 different calculation cases. Furthermore, there were 63
model calculations on the impact of the added glazing on the brick building’s heating
energy use and indoor climate.

The temperature monitoring showed that the air temperature on both the glazed and
unglazed balconies, and in the cavity spaces between the glazing and the brick walls of
the Malmo building, remained almost without exception above the outdoor air tempera-
ture. The analyses also showed that the indoor climate of the glazed space and the
achievable energy-saving potential is case-specific and is influenced by a variety of
factors such as the building’s location, the type and orientation of the balcony itself, the
tightness of the glazing, the inlet air pre-heating (air entering the building from the
glazed balcony), and the thermal resistance of the structures. The study also revealed
that IDA-ICE is well suited for its intended purpose in simulations, which can usefully
be conducted within the generally used '‘goodness of fit' criteria set by ASHRAE. The



final outcome of the study was a simplified preliminary calculation procedure for eval-
uation of the heating energy-savings of the glazed spaces as well as the mean, maxi-
mum and minimum temperatures levels during the year. The results strongly indicate
that this method is reliable for its intended purpose in Nordic countries.
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Terminology

Balcony

Balcony glazing

Double skin facade (DSF)

Dynamic energy simulation

Energy saving effect

Glazed balcony

Glazed space

A platform projecting from the wall of a building,

supported by columns, side walls or console
brackets, and enclosed with a balustrade or
railing along its outer edge. Usually, a balcony
is situated above the ground floor and ac-
cessed from inside the building.

Prefabricated glazing system, which consists
of openable single glass panes. A critical fea-
ture of this glazing system is that it is structur-
ally so leaky that installation of the glazing
does not change the balcony nature as an out-
door space and, therefore, is not counted as
part of the gross floor area of the building.

A multi-layered external wall construction with
an external skin (glazing), an internal skin (typ-
ically glazing) and an intermediate space used
for controlled ventilation and solar protection.

A single or multi-zone simulation for the study
of indoor climate and energy use of a specific
room or an entire building. The computer mod-
el represents the building itself, whereas the
dynamic simulation represents the operation of
the system over time.

Percentual or kilowatt-hourly changes in
building heating energy demand, achieved by
using some energy conservation measure.

A balcony in which glazing has been installed
between the balustrade and the ceiling to form
an enclosed space.

A general definition for any large or small out-
door space, such as balcony, veranda, court-



Goodness of fit

Manual calculation method

Model calibration

Model validation

Sunspace

Surface temperature

yard or street, which is connected to a building
and sheltered from adverse weather by glazing.

Statistical measures, which summarize the
discrepancy between observed values and the
values expected under the model in question.
The results describe how well the model fits a
set of observations.

A simplified calculation procedure, which
makes it possible to evaluate the different
design options at an early design stage with
paper, pen and a pocket calculator. The
method does not give exact answers, but it
does give an idea of magnitude with adequate
accuracy.

Model calibration is the process of adjusting
the model parameters and sgeezing into the
margins of the uncertainties to obtain a
simulated representation of the studied
processes that satisfies the pre-agreed
‘goodness of fit' criteria.

The set of processes intended to verify that the
model is sufficiently accurate for its intended
purpose. These processes include identifying
the potential limitations of the model and as-
sessing their possible impacts. The key con-
cept is to make the model sufficiently accurate.

A general definition for a small outdoor space,
such as a balcony or a veranda, which is either
attached or integrated into a building and shel-
tered from adverse weather by glazing.

The temperature of an opaque or glazed
surface measured by unshielded
thermocouples, which are attached to the
surface.



The dry-bulb temperature (DBT)

Temperature of the air measured by a ther-
mometer freely exposed to the air but shielded
from radiation and moisture. DBT is usually re-
ferred to as air temperature and measured in
degrees (°C) in this thesis.
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glazed space (-)
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= outside air temperature (°C)
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(W)
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Abbreviations

ASHRAE

BES

DSF
EN

FEMP

FMI

HDD17

HVAC
IDA-ICE
IEA

IPMVP

ISO
IWEC
IWEC2

Meteonorm

M & V guidelines

NMF

SFS

= American Society of Heating, Refrigerating and Air-
Conditioning Engineers

= Open-source concrete panel construction system of Finnish
apartment block of flats

= Double skin facade
= European Standard

= Federal Energy Management Program

= Finnish Meteorological Institute

= Estimated heating need of building (Heating degree days),
calculated by adding up the difference between the presumed
indoor temperature +17 °C and the daily average outside tem-
perature.

= Stands for heating, ventilation and air conditioning
= Dynamic building simulation tool
= International Energy Agency

= International Performance Measurements and Verification
protocol

= International Organization for Standardization
= International Weather for Energy Calculations, version 1.0
= International Weather for Energy Calculations, version 2.0

= Computer software, which offer the access to accurate cli-
mate data for any place on earth

= Measurement and verification guidelines for federal ener-
gy managers, procurement officials, and energy service pro-
viders.

= Neutral model format, a computer code

= Finnish Standards Association



SHC = The Solar Heating and Cooling Programme, established by
the International Energy Agency (IEA) in 1977.

SMHI = Swedish Meteorological and Hydrological Institute

WIS = A multi-purpose software tool for the thermal and solar char-
acteristic assessment of window component and systems.
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1 Introduction

1.1 General

The building of concrete blocks of flats increased dramatically in Finland in the 1960s
due to social and economic changes resulting in the large-scale migration of Finland’s
rural population to urban growth areas. This move drove the construction industry to
develop more efficient construction techniques, which led to the development of an
open precast concrete element system in the late 1960s known as BES [1]. The ad-
vantage of this open system was the standardization of structures and their assemblies,
which opened up the market for manufacturers, designers and contractors working in
the precast concrete industry.

Indeed, the structures, panels and plans of most of the blocks of flats built in Finland
from the 1960s onward are highly standardized [2, 3, 4, 5]. The floor plan is usually
composed of single-staircase lamellas that hold 3-4 apartments/floor. These lamellas
can be assembled sequentially to form longer buildings. Most typically, the residential
buildings have 2-3 staircases (lamellas) and are 3-5 storeys high. Since 1969, Finland
has produced 38,500 BES-system-based blocks of flats, and a further 37,500 office
buildings in which prefabricated concrete units have been used, either in the whole
building or significant parts of it [6]. These buildings account for 37 % of the Finnish
building stock (excluding small detached and terraced houses constructed mainly of
timber) [6].

The concrete panels used in the exterior walls of BES buildings have chiefly been
sandwich-type panels with thermal insulation placed between two concrete layers. The
thermal insulation capacity of the wall structures has been controlled by building codes
which stipulate a thermal transmittance coefficient (U-value) requirement for the build-
ings. Since 1962, these requirements have gradually been tightened up. From 1962 to
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1974 the requirement was 0.70 W/m?°C. Stricter requirements were then set in 1974,
1976 and 1978 (0.35, 0.40 and 0.29 W/m?°C respectively). In 1985, the requirement
was set to 0.28 W/m#°C. Following this, still tighter regulations were implemented in
the 2000s, namely in in 2003, 2007 and 2010 (0.25, 0.24 and 0.17 W/m?°C respectively)
[7]. How closely the buildings have followed the requirements was shown in a survey
conducted on 2,161 existing prefabricated wall structures [8]. U-values have also been
laid down for windows and doors. The requirement for windows was set at 2.10
W/m?°C in 1976. This was changed to 1.40 W/m?°C in 2003, and most recently to 1.00
W/m?°C in 2010, which is where it stands today. The U-value for doors was set at 0.70
W/m?°C in 1976, 1.40 W/m?°C in 2003, and has been1.00 W/m?°C since 2010 [7].

1.2 Finnish balconies

Balconies in Finnish residential buildings are generally projecting structures supported
by the building’s frame and external balcony towers with their own foundations are the
most common type. There are also modular structures supported by tailored suspen-
sion solutions and balconies of various mixed types characterized by varying methods
of support and varying degrees of prefabrication. [9]

In the 1960s, the facades of Finnish blocks of flats were typically built of band wall
panels that enable continuous window lines. Balconies were typically fully or partly in-
tegrated into the building (recessed from the facade surface). Most of these balconies
were BES element structures. However, in older buildings, there are also fully or partly
integrated balconies which were cast in-situ. Such balconies were supported by the
load-bearing partitioning walls, which have short steel girders passing through the wall
insulation space into the main frame of the building [10].

Towards the end of the 1960s, builders realized that the integrated balconies were la-
borious to build, and that they were incompatible with element-based construction work.
As a result of this, extended balcony towers supported on their own foundations be-
came commonplace. These prefabricated load-bearing structures are often supported
via load-bearing frame walls, columns, or a load-bearing external wall envelope on its
own, dedicated foundations. [10]. The prefabricated balcony units are joined to the
main frame of the building with reinforced concrete connections, and supported with
steel joints which counteract the horizontal forces. These external balcony towers have
been the most common type of balcony in Finland since the late 1960s. [9]
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Since the 1980s, the architecture of balconies has become more diverse and new sup-
port solutions have become more commonplace [9]. The possible solutions include
suspended balconies, which are typically either modular balconies or balconies sup-
ported by the frame walls of the building. In the case of prefabricated modular balco-
nies, the slab, parapet, and frame walls form a single element suspended by steel lugs
from the top or bottom corners of the external frame walls, the partition walls, or the
intermediate floor edges. Balconies supported on frame walls are assembled from a
special parapet, a slab, and frame elements. However, the entire balcony structure can
be suspended from the building’s frame using frame element starter bars which can
withstand both the vertical and horizontal forces on the structure. Since 1960, by far
the most common balcony type has been the protruding, self-supporting balcony with
load-bearing sidewalls [5, 9]. According to a 2014 market survey of glazed balcony
solutions, construction companies favor interconnected balconies with two open sides,
on to which the balcony glazing can be installed (Figure 1) [11].

Figure 1. Two examples of the most typical balcony, balustrade and balcony glazing
solutions currently in use in Finland in new constructions (pictures courtesy of Lumon
Oy). The commonly used balcony glazing blinds [12] are shown in the left picture.

However, there have been some drawbacks with this method. For example, previous
studies on protective pore ratios have shown that the frost resistance of these balco-
nies is poor, especially in the balcony frame walls, where over two thirds of the sur-
veyed balconies showed insufficient frost-resistance properties. Many of the reinforce-
ment cover depths have also been found not to meet the minimum requirements for
corrosion protection. Thus, a large proportion of balconies exhibit local, or in some
cases, widespread corrosion damage. Nevertheless, despite the structures’ poor frost
resistance, visible frost damage is still relatively rare. [8]. Since both types of degrada-
tion are highly dependent on moisture, the control of moisture is crucial in mitigating
and preventing further corrosion or degradation-related damage. Therefore, balcony
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glazing is one potential way to control the exposure of balconies to moisture, both in
new construction and in renovation work [13].

1.3 Balcony glazing

Glazed balconies really began to gain in popularity in the mid-1980s. Their popularity
increased in the 1990s (Figure 2) and they had become established as a feature of
Finnish blocks of flats by the early 2000s. At first, the installation of balcony glazing
was either due to the owner-occupant’s own alteration work to his/her balcony or by
centralized investment by the housing cooperative for all the balconies in a building. As
architects, engineers and builders gained experience in how to build and utilize glazed
balconies, they also became common practice in new constructions, and nowadays
most new blocks of flats in Finland boast glazed balconies, which were planned for
during the initial design phase. However, the balconies in older blocks of flats were
usually designed as unglazed spaces, so most of them have glazing which has been
added later on in the building’s life. One can get an idea of just how popular glazed
balconies are in Finland by comparing the number of glazed balconies (more than
600 000) to the housing database for 2016. This reveals that approximately 75 % Finn-
ish apartmental balconies have already been glazed. In fact, in 2012, glazing was add-
ed to 9000 more balconies than were built [11, 14], and at this installation rate, all of
Finland’'s glazing-eligible balconies will have been glazed in the next ten years. Of
course, an installation rate of 100 % is not really achievable in practice. There are, for
example, many buildings in which balcony glazing can not be installed, either for struc-
tural reasons, or simply because it is not considered desirable by the apartment owner.
These facts may, to some extent, explain why the number of glazed balconies has
been tailing off somewhat since its peak in the mid 2000s (Figure 2).
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Figure 2. Balcony glazing installation in Finland during the period 1984 — 2016 and
most commonly used glazing system [11, 15]. Ventilation routes are shown by the red
arrows on the left.

The installation of glazing in single-family detached or terraced houses is less common
than it is in urban blocks of flats. According to information received from Finnish glazing
manufacturers, about 60 000 of these buildings’ terraces had been glazed in by the end
of 2016, which means that less than 10 % of single-family houses have glassed-in ter-
races. Nevertheless, the focus of the glazing market is changing slowly from blocks of
flat to detached or terraced houses, largely because most of the newer blocks of flats
already have purpose-built glazed balconies and most of the older blocks have already
had glazing fitted.

Sun protection devices are now a common feature of balcony glazing solutions. For
example, factory-made shades for balcony glazing had been installed in about 80 000
glazed balconies by the end of 2016, and as Figure 3 shows, these are increasing in
popularity all the time.
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Figure 3. Number of glazed balconies fitted with sun protection curtains in Finland dur-
ing the period 2008 — 2016 and the most commonly used internal blind solution [15].

Nearly all of the balcony glazing systems have similar components consisting of alu-
minium profiles, aluminium strips and glass panes. The installed components form a
transparent glass ‘wall' between the balcony balustrade and the ceiling. These glazing
systems typically consist of 5 to 6 hardened glass panes (U=5.8 W/m?°C, g=0.82). The
first pane of the system is always held in place by hinges. It can be opened with a han-
dle and locked in a ventilating position (from closed to fully open) using a cord lock.
The rest of the panes can be slid away from the first pane, and can be folded in parallel
with each other. Adjustments to the balcony structure can be made using edge seals,
fastenings, and adjustment profiles. Sub-sills made of plastic-coated sheet steel or al-
uminium are typically used for water control. The system can also be fitted with addi-
tional structures, such as sun blinds and partitions. [15]

The glazed spaces have to be ventilated in order to prevent moisture condensation.
This ventilation occurs passively through air gaps of 2-3 mm [15] between the glass
panes. In some glazed balcony solutions, there is also an air gap of 7 mm between the
two mounting profiles at the top of the system (Figure 2) or a gap between the upper
mounting profile and the ceiling (Figure 4). Because the balconies are uninsulated and
the glazing solutions are not airtight, continuous heating of the balcony is very rare and
is generally considered to be uneconomical in these latitudes [16]. If the glazing struc-
turally resembles an airtight external wall, then according to Finnish building regula-
tions that space would have to be calculated into the gross floor area of the building [17]
and regarded as an indoor space in relation to the ventilation arrangements, etc. This
would sharply increase the cost of the glazing solution.
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Figure 4. Example of typical balcony renovation work. The balcony slab and side wall
are fixed, the balustrade varies from a concrete parapet to a glass-aluminum balus-
trade with balcony glazing installed (pictures courtesy of Lumon Oy).

As can be deduced from the above, in current balcony design the glazing has not been
constructed and installed to optimize the space’s indoor temperature conditions or to
maximize the heating energy-saving effects. The main reasons for this are: a) the gen-
eral belief that glass-enclosed spaces do not have any clear energy-economy benefits
in terms of energy consumption in the Nordic climate; b) the lack of easily accessible
information about key factors affecting the heating energy-savings and the indoor cli-
mate of glazed spaces; c) the complexity and labor intensity of the current calculation
procedures, and d) there are no special requirements for the indoor air condition of
glazed balconies in Finnish building regulations. It is indicative of the general public’s
poor awareness of the heating-energy saving benefits of glazing that some residents
leave their balcony glazing partly open in the winter season, or fully closed in the sum-
mer.

Depending on the season, this either lowers the heating-energy saving potential of the
glazing or increases the risk of overheating. [18, 19]. Thus, there is a pressing need to
make practical information about the impact that balcony glazing can have on energy
consumption and the indoor climate available to the general public, as well as more
simplified design methods for new glazed balconies which would maximize the heat-
energy savings for the building. Indeed, the need for such information to be more wide-
ly disseminated has been pointed out in many previous studies [20].
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1.4 Double skin facades in Nordic countries

The thermal behavior of a glazed balcony is similar to that of a double skin facade
(DSF), especially when the DSF's internal layer is opaque with a high thermal mass
(Figure 5). This is significant because some DSF applications, such as box window
facades, are structurally very similar to glazed balconies. As a result, many of the re-
search findings from DSF studies can be exploited in the study of the thermal behav-
iour of Finnish glazed balconies. The most significant differences are the cavity depths
in DSFs, which are usually much less than the depth of a balcony, and the structure of
the external layer, which in a DSF is usually tightly sealed and impossible to open
completely.

Figure 5. Example of a double skin fagade with an opaque internal layer.

In general, a DSF consists of an external and an internal layer with a 0.2 to 2+ m deep
[21] cavity space, which acts as a buffer and can be used for controlled ventilation and
for solar protection [22]. The inner and outer layers are typically made of glass [23]
which is single glazing for the external skin [24] and there are shading systems located
inside the cavity [25] (much like the sun protection solutions used for Finnish balconies).

From the researcher's point of view, there have been remarkably few field-
measurements or simulations of the thermal characteristics of structures where the
internal skin of the fagade consists of material with a high thermal mass [21]. Similarly,
measures for adding glazing to protect old facades while they are being renovated [26]
have also received little attention. Most of the time, such glazing solutions involve using
either solar-protection glazing (low solar factor) in cooler climates [27] or solar-
permeable glazing (high solar factor) in warmer climates. High solar factor glazing (as
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in Finnish balconies) is more beneficial than low solar factor glazing when the cavity is
used to pre-heat the ventilation air for the main building’s interior [28], because it in-
creases the solar heat gain of the space.

The ventilation of the cavity can be passive, forced, or a combination of the two. It has
been suggested that the cavity ventilation be integrated with the building ventilation
system [29] and adjusted according to the prevailing climate conditions [30]. On the
other hand, there is also the notion that high-efficiency heat recovery will lower the
overall benefits of the DSF, and in such cases it is suggested that the intake air for the
ventilation should bypass the cavity [28]. Ground-coupled heat exchangers have also
been evaluated [31], but rarely in connection with double facades.

According to the design strategies introduced in [32, 33], previous DSF solutions in
Finland and Sweden do not seem to have been particularly well optimized. Typical
DSFs cover a whole fagade from top to bottom [34] and are equipped with venetian
blinds placed inside the cavity. Any gaps in the facade are closed during the winter and
opened during the summer [34]. Although there have been some studies of the energy-
saving effects of DSF solutions [35] very few full-scale measurement studies have
been made in real buildings [36, 37, 38] and even fewer such studies have been made
in Nordic climatic conditions.

Article V makes up for this by presenting full-scale measurements and simulation stud-
ies on the heat-energy saving potential of a DFS building from the unique perspective
of the Nordic climate. Some specific characteristics of the studied brick building are
listed below:

1. A DSF was chosen as a renovation solution for this old and architecturally sig-
nificant building, because the building’s facade cannot be touched, as it needs
to be visible and preserved for its architectural value. The literature reveals one
similar study [26], but the solution is almost unique.

2. The DSF ‘s internal skin is not glass, but is an opaque material with a high
thermal mass. There are some studies of DSFs with a concrete internal skin in
the literature [2], but none on buildings with a brick wall facade. Typically, a
DSF consists of two glazed skins which are between 0.2 m and 2 m apart. The
outer skin is typically hardened single glazing while the inner skin is double
glazing.

3. The DSF is connected to a supply and exhaust ventilation unit with a highly effi-
cient heat exchanger. One study of a similar system was made in Norway, but
in connection with a new office building [28]
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4. There are two options for controlling the air intake, which can either come di-
rectly from outside, or from the air in the DSF’s cavity. Control between those
two options can be changed by changing the set-limits of the cavity temperature
(if the temperature is higher than the set limit, then the air comes directly from
outside to the ventilation unit).

5. The cavity has an air circulation unit which circulates the heat between the dif-
ferent-facing facades of the building. No such system has been found in the lit-
erature.

6. The cavity can be cooled using a ground duct system connected to the double
skin fagade in the building. Ground duct systems are, on the whole, pretty rare,
especially in apartment buildings. However, one study of a ground duct system
connected to a three-storey office building was found in the literature [31].

7. The cavity can be cooled in three different ways: 1) inlet air from the ground
duct system, 2) mechanical air exhaust to the outside air and 3) passive air ex-
haust passively though two windows. The temperature set-point.can be adjust-
ed for all three of these methods

More information about the advantages and challenges of double-skin facades (DSFs)
are discussed in reference [39].

1.5 Why balcony glazing?

For centuries, large glazed spaces have been architecturally and structurally interesting
features in buildings. Their attraction lies in the large enclosed spaces, novel architec-
tural solutions and interesting details [40, 41, 42]. Nowadays, these spaces are not
usually built solely for architectural reasons, but for functional ones, as they often serve
as hospital waiting areas, for example, or reception areas in office buildings. Nowadays,
the design of such spaces is controlled by the required indoor air conditions, such as
minimum acceptable indoor air temperature, desired average temperature, and maxi-
mum acceptable temperature. These factors determine the design solution, which
takes into account issues such as heat losses in the building and the glazed space, the
storage of solar radiation (or protection from it), and the minimisation of cooling and
heating needs if the required indoor conditions cannot be realized without an external
energy source. [20]

At first glance, the glazed spaces in most Finnish building stock do not appear to have
been designed for the grandeur of the enclosed space or their novel architectural solu-
tions and detailing. Most of the glazed spaces in Finnish residential buildings are quite
simple, and relatively small. They are attached to residential apartments or houses and
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their main function is to serve as an outdoor space for urban Finnish flat-dwellers [18],
and are commonly referred to as the ubiquitous ‘glassed-in balconies’. Since the 1970s,
most blocks of flats in Finland have been built with their own balconies. Research has
revealed that these outdoor spaces, hereafter referred to as balconies, are regarded as
an extra room in a dwelling [18, 11], which, if well designed, can increase the value of
an apartment [11] and improve the resident’s quality of life [43]. For most Finns, the
important features of the balcony are its functionality, size, brightness, durability and
aesthetics [11]. In residential buildings, balconies are commonly used for recreational
activities, and are most frequently used in the summer, usually in the afternoon and
evening [18, 43]. Apart from the size of the balcony, the main factors that hinder its use
for the average Finnish flat-dweller are rain and snow, or leaves, dirt and dust blown in
from outside. Wind and noise pollution may also prevent the use of balconies [18, 43].
Most of these problems with balconies can be mitigated with openable glazing, [18, 43,
44] which is why the ‘glassed-in balcony’ has become such a desirable upgrading op-
tion. It is especially favoured in sheltered homes for instance, [43] and is the recom-
mended design guide for government-subsidized construction [45].

At the onset of the popularization of the ‘glassed-in balcony’ (hereafter referred to as
the glazed balcony), the reason for installing glazing was to increase the usability of the
space for the residents [13]. Nevertheless, from an architectural and engineering per-
spective, a glazed balcony forms a structural layer which shelters the balcony’s inner
structures from rainwater, snow and (in the cities, certainly) air pollution. Another bene-
fit is the increased indoor temperature [13, 46], which extends the annual and daily use
of the balcony [18]. Together, the reduced exposure to rainwater and the increased
interior temperatures lower the moisture stress in the balcony, and in the exterior walls
of the adjoining flat. A good structural protection is particularly helpful in extending the
service-life of non-freeze-thaw-resistant concrete structures common in 1970s blocks
of flats [13]. As sunspaces, they also provide a buffer space against wind pressure [47],
improve noise protection [48] and make it possible to take a pre-heated supply air from
the glazed space, thus reducing the building’s overall heating-energy consumption [48,
49]. On the other hand, research has also shown that balcony glazing can lead to un-
comfortably high indoor temperatures during the summer months [44], so the designers
of the balconies also have to pay attention to sun protection.

Studies show that the existing glazed balconies are not optimised from the energy effi-
ciency, indoor climate and sound insulation point of view, because they have been de-
signed more for protection from the weather. One reason for this might be that there is
very little publicly available information about the impact of balcony glazing on energy
costs, sound insulation and the indoor climate. Another reason is that building industry
guidelines and regulations limit the design of the glazing solutions. For example, the
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Environmental guide 72 [17] states that a glazed balcony need not count as part of a
building’s floor area as long as it can be defined as an outdoor space after the glazing
installation. This means that it can be protected with movable glazing structures, such
as sliding windows, as long as 30 % of the glazing can be opened and if the glazing
structure is loose enough to allow for passive ventilation through the air gaps between
the panes of glass [17, 50]. Fire safety [51], sound insulation and rainwater removal
regulations do have to be taken into account. The glass panes must be toughened or
laminated glass, and they must be installed in such a way that they can be washed
easily and safely both inside and out [50]. This thesis discusses glazing products which
have been manufactured according to these criteria. The energy saving potential and
options for improving the indoor climate of the glazed balcony itself, and preventing the
balcony from exerting any negative effects on the adjoining flat are also discussed.

1.6 What is special about glazed balconies physics?

It has often been argued that conventional building-energy simulation software is not
up to the task of calculating the building-energy needs of buildings with highly glazed
spaces and double skin facades, as these are special design tasks for which such
software has not directly been designed. The main reason for this is that it is difficult to
estimate how much of the solar heat gains will penetrate through the DSF cavity or
glazed space into the building, and how much of it will be captured by the air in the
cavity or balcony space, especially with naturally ventilated cavities and glazed spaces,
which are the usual solution for Finnish balconies. The references [20, 52] deeply dis-
cuss the problems with numerical modeling of glazed spaces [20] and DSF buildings
[52]. The main considerations of the above references are listed below.

Solar radiation: The intensity of the solar radiation and the position of the sun in rela-
tion to the glazing is constantly changing. Therefore, the amount of solar radiation
which is transmitted, absorbed and/or reflected through the glazing also changes con-
tinuously. This creates a requirement for a detailed 3D calculation of the solar radiation
in simulation software [52]. Reference [20] highlights the fact that a geometrical de-
scription of the building provides an appropriate basis for a more detailed calculation of
the distribution of solar radiation in and between rooms.

Window model: The G-value (solar heat gain coefficient) of the DSF cavity or the bal-
cony space is highly dependent on the rate of the airflow, the air temperature and the
flow regime in the cavity or space. These values depend on the height of the cavity or
space, and the type and usage of any sun protection system. As a consequence of this,
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one cannot calculate g-value by simply combining the transmitted solar radiation with
that part of the solar radiation which is absorbed by the glazing panes and then trans-
ferred to an adjacent zone. This is because such a calculation method assumes that
the major part of the absorbed solar radiation is transferred to the adjacent zone and
not to the cavity of the glazed space, which is what actually happens [52]. This leads to
a misinterpretation of the effects that a DSF or a glazed space has on the building’s
heating and cooling needs, and on its indoor climate.

Long wave radiation exchange: Assessing the longwave radiation exchange with
detailed view factor calculations is important in any building-energy simulation, and
especially so in simulations of DSFs and highly glazed spaces. This is because any
error calculations will be higher in those buildings than they would be in the calculations
for a traditional building because of the higher temperature difference between the
construction layers (between the panes in the DSF and between the different surfaces
in a glazed balcony). For example, the higher surface temperature of a shading device
or inner window pane in a DSF building will, in reality, result in additional heat gains in
the occupied zone, unlike with the traditional external facade [52]. This effect should be
taken into account in all such calculations .

In practice, long-wave radiation exchange also takes place between the sky and the
external surfaces of the building. As a result, the surface temperature of the outer sur-
face of the glazing may be cooler than the temperature of the outside air, especially on
cold, clear winter nights. This sets a special demand for any detailed longwave sky
radiation calculations, especially in the case of a glazed roof. For example, it is difficult
to estimate the temperature in the upper part of a space under a glazed roof unless the
sky radiation is taken accurately into account. This may be difficult, as the sky radiation
is affected by the cloud cover and temperature of the sky [20], but it must be accounted
for as accurately as possible.

Convective heat transfer: The procession of convective heat transfer in the simulation
is particularly difficult, and even more difficult when calculating it for DSF cavities or
glazed spaces. Choosing the right expression for the convective heat transfer coeffi-
cient is always a lively topic of discussion in building physics calculations. It is defined
by the thermal conditions, the flow rate and the flow regime, all of which can change
rapidly, especially in naturally ventilated cavities. This sometimes leads to a flow condi-
tion in which more than one expression may be required. The simulation tool must be
able to handle the changes in flow regime and thus in the convective heat transfer. [52].
More information about the challenges of convective heat transfer and air flow rate cal-
culations through building components are discussed, for example, in Petter Wal-
lentén’s dissertation “Heat Flow in Building Component, Experiment and Analysis”.
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Air flow in the cavity: The air is heated up or cooled down after entering the DSF cav-
ity or glazed space because of the convective heat transfer from the surfaces and from
any shading devices. The air mass thus rises and falls due to the forces of buoyancy.
The strength of these forces is, in turn, strongly dependent on the air temperature and
the convective heat transfer at the surfaces [52]. The higher the temperature, the
greater the strength of the buoyancy force. In other words, the increased buoyancy
force speeds up the air change rate in the cavity, which lowers the surface and cavity
air temperature. This leads to a drop in the air change rate, which then starts another
increase in the temperature of the cavity air and surfaces [52]. Consequently, the mass
flow rates and temperatures change regularly, much like a self-regulating vent [53].

An increase in the cavity temperature indicates the amount of additional heat the build-
ing could gain if the cavity air were used instead of outdoor air for the building’s ventila-
tion. It also shows the amount of surplus solar gain, which should be removed from the
system in the summertime (for example with solar shading and airing). In both cases,
the higher the temperature of the air when it is leaving the cavity, the more efficient the
system is. For this reason, it is important to trap as much solar radiation as possible in
any DSF cavity or glazed space. [52]

Wind forces: One random and highly fluctuating driving force is the wind. It is difficult
to estimate and simulate, but it is particularly important in connection with naturally ven-
tilated double skin facades or glazed spaces. In those situations, the wind and buoyan-
cy forces may either counteract or complement each other, which will determine the
mass flow in the cavity. The close interrelation between convective heat transfer and
the rate of random air changes in the cavity makes an evaluation of the air temperature
in the DSF cavity even more complicated. This is because the proportion of the solar
heat-gain which is transported away from the cavity (usually to the adjoining flat)
changes all the time and according to the prevailing wind. [52]

The above special requirements for simulations of highly glazed spaces and DSF build-
ings have to be taken into consideration when designing and using DSF simulation
software. With regard to the IDA-ICE program, these properties are discussed in more
detail in Section 2.3.4.



33

1.7 Objectives of the study

The purpose of this study was to investigate the effect that an unheated, glassed-in
outdoor space can have on the building’s total energy consumption, and to investigate
the balcony’s indoor climate here, cold northern climatic conditions. Most of the meas-
urements were taken from seasonally-used glazed-in balconies equipped with structur-
ally leaky glazing and relying on the passive ventilation provided by the gaps between
the glazing. The main focus of the measurement and simulation studies was to evalu-
ate the main factors which affect the temperature difference between the balcony
space and the outside air during the cooler months in the autumn, winter and spring.
This temperature difference is a key indicator of how much energy a building can save
with a glazed in balcony, as the higher the temperature difference, the greater the
guantity of energy which could potentially be saved. As the vast majority of residential
blocks of flats in Finland and Sweden are not air-conditioned, the effects the glazing
has on the building’s consumption of cooling energy has been excluded from the study.
However, it is important to pay attention to the properties of solar shading and ade-
guate ventilation in order to create comfortable indoor climate conditions in the balcony
spaces and adjacent flats during the summer. Therefore, these issues are discussed in
the thesis.

The whole study is divided into five smaller projects with specific objectives, with one
article having been written for each theme:

1. Monitor the air and surface temperatures of two balconies (one glazed and one
unglazed) and the adjoining flats to evaluate the impact of balcony glazing on
the balcony temperatures. Furthermore, to monitor the heat losses from the
building’s envelope structures between the balconies and the adjoining flats, i.e.
the back wall, window and door of the flat. This work was carried out in Tampe-
re and involved intensive site inspections and field monitoring. These were later
used to evaluate the suitability of the IDA Indoor Climate and Energy (IDA-ICE)
software for glazed space energy simulations.

2. Through sensitivity analyses conducted with IDA-ICE, to determine the effects
the following factors have on the energy consumption of the flat: the building’s
location, the balcony type and its orientation, the tightness of the glazing, the
pre-heating of the inlet air (air entering the building from the glazed-in balcony),
and the thermal resistance of the structures.

3. Through extensive field research, to measure and compare the temperatures in
different types of glazed and unglazed balconies under varying conditions. This
data was used to build up a more comprehensive picture of the temperature
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variations in the balconies and to verify that the IDA-ICE simulation results in
the sensitivity analysis (Article Il) are observable in practice.

4. To develop a simplified assessment method for the evaluation of heating-
energy savings and effects on the indoor climate of glazed balconies in the
preliminary design stage. The method was developed by using the information
about the percentual and kilowatt-hourly energy savings as well as the mean,
maximum and minimum temperatures of the sensitivity analysis (Article II). The
reliability of the method for its intended purpose was also evaluated.

5. To deepen the theoretical and practical knowledge of the research topic, a
completely different set of measurements were gathered from a DSF building in
Malm6 and used as inputs for the IDA-ICE simulations. The aim of this study
was to use the IDA-ICE to evaluate the effects of the added glazing on this old
building’s energy use.

The research has produced a lot of practical information on the impact glazed bal-
conies can have on the balcony indoor climate and heating-energy consumption of
a building, and also on the benefits that can be gained by adding glazing to a brick-
walled building. The tools developed for this study will also be useful in building de-
sign and renovation work, as they can be used to evaluate the energy and indoor
climate performance of glazed balconies. The literature review had revealed a dis-
tinct lack of practical information on this topic, and a scarcity of user-friendly tools
for studying it, so this thesis aims to expand our knowledge in this research area
[20].
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2 Background

2.1 Field monitoring

2.1.1 Previous monitoring studies

Glazed space air temperatures have been measured to evaluate indoor climate and
thermal comfort almost all over the world. However, many of these studies have fo-
cused on very different climates than in Finland [54, 55, 56], often outside Europe [57,
58, 59], or in central and southern Europe rather than the Nordic countries [60, 61].
Nevertheless, there have been a few studies in Finland and its neighboring countries
[20, 13, 46, 19, 62].

Some studies have focused on atriums [54, 57], sunspaces [56, 59, 63] or some other
type of highly glazed space attached to a main building, which utilize passive solar en-
ergy (winter gardens, solariums, greenhouses, etc.). Although some studies have been
made of balcony glazing [60, 61, 62], in most of them, either the nhumber of measured
balconies has been small [20, 13, 62] and/or their research perspective has been on
something other than improving the thermal behavior of a glazed balcony [13, 62].
There are some studies which have focused on the potential of balcony glazing for
heating-energy savings [20, 46, 19, 62], a topic also discussed in [18, 7], though with-
out temperature measurements. Generally the older measurements have focused on
indoor climate behavior [56, 60] and the later ones, either partially [59] or wholly [56,
63], on the validation of simulation programs. The only extensive field study monitoring
glazed balconies is over ten years old. This was conducted under the auspices of the
International Energy Agency (IEA) Solar Heating and Cooling (SHC) program, Task 20,
‘Solar energy in building renovation’. The results of this study are discussed in, e.g. [48,
49, 64]. Extensive field measurements were not carried out, so the factors affecting the
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temperatures in glazed spaces have mainly been analyzed with computer simulations
[65, 66].

According to the literature, the glazing studied has generally been single [13, 61] and/or
double glazing [16, 66, 67] with sliding [62, 68] and/or non-sliding panes [56], and, as a
rule, with vertical frames [16, 62, 66, 67]. However, previous studies have rarely fo-
cused on the most commonly used type of balcony glazing in Finland, which consists of
frameless single glazing with a sliding, pane-by-pane opening system, such as that in
[13]. A special feature of this type of glazing is its 2-3-mm air gaps between the panes,
which makes the Finnish balcony-glazing system significantly leakier than the glazed
spaces studied in most previous research.

2.1.2 Measurement techniques

The air temperature in a sunspace is a complex mixture of solar heat gain, envelope
heat loss, infiltration, the energy storage and release effect of internal masses, energy
exchange with an adjacent air-conditioned space, and occupant activity [59]. For this
reason, the measurements of air temperature are generally accepted as a useful meth-
od for evaluating the functionality of the solar design of a sunspace because they re-
veal the dominant pathways for heat gain and loss and they give an indication of ther-
mal buffer effects and thermal comfort [69, 70].

According to the literature, sunspace air temperatures have frequently been measured
to evaluate thermal comfort and operative temperatures, to validate and calibrate simu-
lation software, and to study the efficiency of the implemented passive solar design
concepts, etc. all over the world [54, 55, 56, 57, 59, 60, 61, 63]. In these studies, the
temperatures of the sunspace, the adjacent living space, and the outside air have usu-
ally been monitored using factory-calibrated data loggers [55, 57, 59, 60, 61], tempera-
ture sensors [59], and/or thermocouples [54, 56, 57, 63]. By measuring those tempera-
tures, it is possible to obtain information about the temperature of the sunspaces and
the overall level of reduction in heat loss in that section of the building which is adjacent
to the sunspace (usually a flat) (Equation 1)

TFL.!!LT — TSUNSPAEE (1)

Heat lossreduction =1 —
TFL.-!!LT - TDLTTDDDR

The temperatures have been recorded at 10-min [59], 15-min [55, 58, 60, 61], 20-min
[54] or 1-hour intervals, and the measurements lasted from a few days to several years
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[13]. The most common temperature recording interval has been 10 or 15 minutes, but
one monitoring study has established that a logging interval of one hour would be suffi-
cient [60]. It is particularly important to use the same measurement intervals with indi-
vidual loggers [60] and to start temperature recording simultaneously as this helps with
any later comparison of the results.

In many cases, it has been found helpful to measure the internal and external surface
temperatures of the sunspace’s opaque and glazed surfaces [59, 63] using thermocou-
ples. The advantage of the surface temperature measurements is that they reveal
something about a material’s ability to store and release heat energy, although it must
be admitted that discrete surface-temperature measurements cannot completely repre-
sent the thermal behavior of a large solid mass such as a concrete wall due to its slow
stabilization [71]. As a consequence, the measured surface temperature under a ther-
mocouple may be much warmer or cooler than it is on another, immediately adjacent
point. Nonetheless, surface temperature analysis is useful and indicates mass temper-
ature patterns [59].

In addition to those measurements, it is also good practice to record actual weather
conditions with a dedicated weather station built on the monitoring site. Weather sta-
tions have typically been utilized for the comparison of various sunspaces in different
locations [59, 60, 61] or for the production of detailed input data for software validation
[57, 72]. Typically, these weather stations measure several [60, 61] or all [59] of the
following quantities: ambient temperature, relative humidity, wind speed, wind direction,
air pressure, global horizontal radiation, direct normal radiation and diffuse radiation.
Depending on the intended use of the measurements, it is also worthwhile measuring
the surface heat fluxes [59], the radiation levels in the sunspaces [59, 63], the bright-
ness of daylight in the flats (with and without glazing) [60, 61, 67], the space heating
and ventilation levels [60], the use of water and electricity [60], the airtightness [58], the
heat allocation from the radiators [61] and the air flow from the sunspace to the flat [73].
In addition, the buildings’ residents have filled in questionnaires which assess different
guality factors affecting the tenants’ satisfaction with the glazing solutions [60].
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2.1.3 Observation errors

An observation error (or measurement error) is the difference between a measured
guantity and its true value. It could be a random error, which is unpredictable and unre-
peatable, or it could be a systematic error, which is consistent and repeatable. Random
error is typically unavoidable, but its likelihood can be reduced by using average meas-
urements from a larger set of measurements, or by increasing the sample size [74].
Systematic errors can be due to the following causes [52]:

The inaccuracy of the measuring instruments

The inaccuracy of the experimental methods

Errors in the data processing

Errors in the experimental set-up and measurement conditions and procedures

Uncertainty about the reporting characteristics and the properties of the test fa-

cility
Systematic error is usually more important and more difficult to deal with than random
error [74]. However, the risk of systematic errors can be considerably reduced by, for
example: a) checking all measurements for accuracy, b) making sure that observers
and field operatives are well trained, c) taking the measurements with high-precision
instruments, d) taking the measurements under carefully controlled conditions, e) pilot-
testing the measuring instruments, and f) using different types of measurements for the
same construct.

Observation accuracy is highly important in situations where the monitoring results are
to be used as an input parameter for simulation software (indirect error) or for a com-
parison with the results of simulations (direct error) [75]. Observational accuracy is also
important in situations where, for example, the observed air temperature is used to
adjust a building’s heating or ventilation system. This is particularly true of the DSF
studied in this thesis because it is an integral part of the building’s ventilation system,
the operation and control of which is adjusted according to temperature measurements
taken in the DSF cavity. In the Malmo case study described in Article V, the whole
building’s energy performance is highly dependent on the accuracy of the air tempera-
ture measurements. Unfortunately, the on-site measurement equipment was faulty, as
the sensors were exposed to direct solar radiation, which increased the temperatures
they recorded and lead to high-magnitude errors. Other DSF studies have encountered
similar problems with the use of thermocouples, covered or not [74]. In order to get
really accurate measurements of the air temperature in a glazed space, the thermo-
couples need to be shielded from the sun and mechanically ventilated [74].
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2.2 Calculation techniques

2.2.1 The manual calculation method

The ISO standard 13789 [76] introduces a general method for calculating a building’s
thermal performance. ISO 13789 also has an equation for unconditioned space tem-
perature calculation (equation A.1) which is given here in a simplified form as Equation
2:

1 P,
T,=T,+——(T; —To)+ — 2)
=Tt g T H,

where G is the relationship between the specific losses and the specific gain (Equation
3). This relationship mainly determines the temperature level of the space during the
winter months at high latitude [20].

specific losses (W/°C)  XgomUA+Vyn.pc, (3)
~ specific gain (W/°C) X, UA+ Vinype,

Hg is the sum of the specific losses from the glazed space to the outside (W/°C) and
the specific gain from the building to the glazed space (W/°C) and calculated with
Equation 4.

H, = Z Ug+vgngpcp+z UA + Vyn;pc, (4)
from to

Other symbols in the equations are:

Tyg = temperature in the glazed space (°C)

To = outside air temperature (°C)

Ti = temperature in the flat adjacent to the glazed space (°C)

@, = solar radiation absorbed by the glazed space, mean over time (W).
p*Cp = density times heat capacity of air (Wh/m3°C)

U = thermal transmittances of constituent structure (W/m?2°C)

A = areas of the constituent structure (m?)

> romUA = the sum of the areas of all surfaces in contact with the outside, multi-

plied by their U values
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Y wUA = the sum of the areas of all surfaces between the glazed space and the
adjacent flat, multiplied by their U values.

Vi = Volume of the flat adjacent to the glazed space (m?3)

Vyq = Volume of the glazed space (m?)

N = number of air changes per hour (1/h) through the flat surfaces in contact
with the glazed space

Ng = number of air changes per hour (1/h) through the glazed space surfaces

in contact with the outside

The influence of solar radiation on highly-glazed spaces is quite evident, but its effect is
difficult to calculate manually. One option, however, is to determine the effect of solar
radiation with Equation 5. In this method, the solar collector property for the glazed
space in question (S) has been pre-calculated with dynamic simulation software. Maria
Wall [20] has calculated these factors for some types of glazed spaces with different
glazing combinations.

q]g = SZ ngnl,glA (5)
where
S = solar collection property for the glazed space in question (-)
g = the proportion of solar energy that finally ends up in the interior through
the glazing in question (-)
Qsol gl = solar radiation to the glazing in question, mean over time (W/m?)

An equation for calculating monthly solar radiation levels (Qso,g) by measuring the
global and diffuse radiation to a horizontal surface is presented in [77]. Further infor-
mation about the manual calculation can also be found in references [20, 76, 78].

2.2.2 Steady-state calculations and dynamic models

Another option for the analysis of the interior temperature of a glazed space is to use
readily available steady-state or dynamic calculation tools, some of whose suitability for
glazed-space simulations already have been analyzed in [20]. Also, Poirazis’ publica-
tions [24, 34] include useful information about the calculation problems of glazed spac-
es, although these publications focus on calculations for DSFs. The accuracy of the
calculation software introduced in the literature varies considerably in terms of its level
of detail and the purpose of the software. The rougher methods are based on manual
calculations while the more precise ones are based on simulations. In addition, the
purposes of the programs range from component level tools (e.g. the Window Infor-
mation System (WIS) software tool for complex windows and the active facade calcula-
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tion [79]) to whole- building energy simulation software. The most flexible software can
handle most of these calculations with a relatively high degree of accuracy. [24, 34]

The manual calculation method, such as the one described in Chapter 2.2.1, has been
found to underestimate the indoor temperatures of the spaces [78]. On the other hand,
some dynamic calculation tools have been found to overestimate the interior tempera-
tures of glazed spaces due to the simplified processing of the solar radiation [20]. For
this reason, the calculation software should be carefully investigated and validated be-
fore making a final decision on which program to use in glazed-space simulations.

One important consideration for glazed-space calculations is that any dynamic simula-
tion software should take daily and yearly climatic variations into account. It should
model the spaces geometrically, divides the solar radiation into direct and diffuse radia-
tion and correctly distribute the solar radiation which comes through the glazing struc-
ture into the sunspace. It should also capture the way this radiation is spread around
the space, and onward into the adjoining building, or back outside if it has not been
totally absorbed into the space. Furthermore, the surface resistances must also be cal-
culated as temperature-dependent variables, and it should also take into account long-
wave sky radiation calculations, which is often ignored in energy calculations [20].

To achieve realistic energy-saving results with glazed balconies, detailed calculations
for the glazed spaces need to be performed at the earliest possible stage in a building’s
design. However, those calculations are complicated, and have to take many factors
into account, so architects and engineers need practical, user-friendly software for this
stage of a building’s design. Such software should not increase the designer's work-
load too much, and nor should it demand too much expertise from its users. The ideal
solution would be a calculation method which is as detailed as the most detailed of the
currently-used simulation softwares, yet as simple as the simplest manual calculation
tool. Unfortunately, we do not live in an ideal world, so in practice, the software for such
calculations will always be a compromise between the level of detail it can capture and
its ease of use.
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2.3 Calibrating building-energy simulation models

2.3.1 About simulation models

An understanding of scientific models in general is a good basis for a more detailed
understanding of building-energy simulations [80]. Scientific models can be classified
as diagnostic or prognostic models, and law-driven or data-driven models. Diagnostic
models are used to identify the nature of a phenomenon, while prognostic models pre-
dict the behavior of a system. From the law- and data-driven models (Table 1), the law-
driven models use a system’s properties and conditions to predict the system’s behav-
ior while the data-driven models use the system’s behavior to define its properties. [81]

Table 1. A simple comparison between the law-driven and data-driven models.

Law-Driven model Detailed physical Model -> Simulated Data

Data-Driven model Measured Data -> Statistical Model(s) -> Detailed Physical Model

The prognostic law-driven modeling approach includes building energy simulation
models such as DOE-2 [82], EnergyPlus [83], TRNSYS [84], ESP-r [85] and IDA-ICE
[86]. The objective of these models is to predict the behavior of a complex system
based on the use a given set of well-defined laws (e.g. energy balance, mass balance,
conductivity, heat transfer, etc.) [80]. Such models have become prevalent in energy
assessment calculations over the last two decades [87]. However, making accurate
simulations for existing buildings is challenging, as there are many complicated input
parameters which need expensive and time-consuming on-site inspections to verify
[88].

Models which are calibrated with measured data are classified as the data-driven ap-
proaches [80]. These can be further classified as 1) black-box approach, 2) grey-box
approach and 3) detailed model calibration [89]. This last is the most detailed approach
and during its establishment an explicit link between the computer model and the phys-
ical building (and its systems) is created by comparing the measured and simulated
performances with each other. This method is, for example, used in connection with
retrofit analysis [80].

This study has chosen the third option, a detailed model calibration. However, the pur-
pose of our calibration was not to make an exact parameter fitting of the model to repli-
cate the field results. It was designed to assess the behavior of the IDA-ICE model in a
gualitatively realistic way (‘good enough’) against the field-test measurements taken
from the actual buildings.
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2.3.2 Calibration methodologies

Several studies emphasize the great difference between simulated and measured en-
ergy performances [90, 91, 92]. There are also studies which point out the pressing
need for accurate calibration of the simulation model [93]. The process of fine-tuning
the simulation inputs in order to achieve a better fit between simulation outputs and
measured energy consumption is also illustrated [94]. This is particularly important for
on-going and post-construction building projects. For example, in existing buildings it is
needed for 1) optimization of control strategies and 2) for identification of further energy
saving possibilities [95, 96, 97]. Despite the clear need for such a well-calibrated model,
there is not as yet any such formal and universally recognized process for the calibra-
tion of simulation models [98]. Often, such models rely on calibration by ‘trial and error’
which means that the users of the system often waste a lot of time and effort when try-
ing to find the best fit for the monitoring and simulation data as there is no systematic
approach. In addition, any outcomes from the process are highly dependent on the
individual user’s own skills and judgement [93], parameters which are difficult to control.

In practice, the purpose, method and level of the calibration are all dependent on the
model’s intended purpose, the user's experience and, of course, the resources availa-
ble, including the budget. The reasons for the calibration could be, for example [98]:

To assess a building’s performance by simulation [99].

To provide information about a building’s thermal and/or electrical usage profile
through a scaled simulation [100].

To predict the impact of different load-control measures on the electrical load by
using commercial on-site survey data [101].

To support investment-grade recommendations

According to the M&V, for one or more of the following circumstances [98]: (1)
to identify a proper, contractually-binding baseline for energy use, against which
energy savings can be measured, (2) to enable the correction of baseline ener-
gy use under unanticipated changes, (3) to allow retrofit verification, (4) to ena-
ble the sensitivity analysis of retrofits without having to monitor each subsystem
individually, (5) to allow pre- or post-retrofit analysis without monitored data and
(6) to reduce the time taken on post-retrofit analyses .

To provide a capability for implementing (1) continuous commissioning or fault
detection and (2) optimal supervisory control, equipment scheduling, and opera-
tion of a building and its systems, either under normal operation or under active
load control.
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Calibration methods can be classified into the following four main categories [102],
which can be used separately or combined with each other during the same calibration
process.

manual, iterative and pragmatic approaches;
graphical-based methods;

special tests and analysis procedures; and
automated analytical and mathematical approaches.

The first category is still the most commonly used in simulation applications [87, 103,
104] and includes all calibration simulation applications without a systematic or an au-
tomated procedure. The second category includes graphic representations of various
plots and time series. These are used both with manual methods and with statistical
indices (MBE and CV(RMSE)) for analyzing the ‘goodness of fit’ of the building model
[93]. The third category includes special test and analysis procedures, but is distin-
guished from the fourth category, because it does not employ mathematical or statisti-
cal procedures for the calibration process. The last category encompasses all ap-
proaches that cannot be considered as user-driven, and are based on some sort of
automated procedure [97]. One example of this calibration category is Bayesian cali-
bration, which has recently been used in building calibration simulations [105, 106, 107].
More detailed information about the various approaches to model development and
calibration is presented in the literature review of Coakley et al [80] and Fabrizio et al
[93].

It is essential to define the required level of calibration level right at the beginning of the
calibration simulation study (Table 2). It is also essential to ensure that the available
information about the building is adequate for the desired purpose. Table 2 defines
Level 1 as the minimum level of information needed to calibrate a simulation. This in-
cludes construction documents and utility bills. Level 5, the most detailed level of cali-
bration, includes detailed audited information combined with long-term monitoring data.
These calibration levels are described in more detail in [93] as well as in Table 2.
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Table 2. Calibration levels classification according to the available building information
[98, 108].

Building information available for simulation input
Calibration | Utility | As-built | Site visit or Detailed | Short-term | Long-term
level bills data inspection audit monitoring | monitoring

Level 1 . .

Level 2 . . .

Level 3 . . . .

Level 4 . . . . .

Level 5 . . . . . .

Once the level for the calibration has been decided on, the next step is to define possi-
ble error sources, and to make an uncertainty analysis. According to Heo [109], the
four main categories for uncertainties are scenario uncertainty, building physi-
cal/operational uncertainty, model inadequacy and observation error (Table 3). The first
category relates to outdoor weather conditions and the building’s use, while the second
category is concerned with modeling the building. The third category relates to the
model or software itself, including the basic assumption behind it, and the sophistica-
tion of the model's algorithms. The last category refers to observation errors in the
measured data. [93]

Table 3. Possible error sources in the evaluation of the accuracy of building-energy
simulations [93].

Category Factors
Scenario uncertainty |- Qutdoor weather conditions
- Building usage / occupancy schedule
Building physical / - Building envelope properties
operational uncertainty | - Internal gains

- HVAC systems

- Operation and control settings
Model inadequacy - Modeling assumptions

- Simplification in the model algorithm
- Ignored phenomena in the algorithm

Observation error - Metered data accuracy

2.3.3 Assessing a model’s performance with statistical indicators and
regression

In the early years of building energy performance simulation (BEPS), the percentual
difference calculation of measured and simulated data was the primary method for as-
sessment of calibration performance [110, 111, 112]. This often meant that overestima-
tions were cancelled out by underestimations because of the compensation effect [110].
Statistical indices are more suitable for calibration because they represent the real per-
formance of a model in more detail [113, 114, 115]. Statistical indices have been the
most commonly used criteria for evaluating the accuracy of calibration [93] since the
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three main international bodies recommended the method for international reference in
the ASHRAE Guidelines 14 [116], International Performance Measurements and Verifi-
cation protocol (IPMVP) [117] and M & V guidelines for FEMP [118].

Statistical indices

According to references [116, 117, 118], building energy simulation models are gener-
ally considered calibrated if they meet the set criteria for Coefficient of Variation of the
Root Mean Squared Error (CV(RMSE)) and Mean bias error (MBE). These criteria vary
according to whether the model uses monthly or hourly measurement data, as seen in
Table 4.

Table 4. Standard criteria for calibrating a building- energy simulation model

Statistical Monthly Calibration Hourly Calibration
Indices St. 14 IPMVP FEMP St. 14 IPMVP FEMP
MBE [%)] +5 +20 +5 +10 +5 +10

Cv(RMSE) [%] 15 - 15 30 20 30

The MBE (%) is the sum of the error between measured and simulated data and is
used as an indicator of the overall bias in the model.

o n

MBE (%) = A, (:(nmeasi = X nodeli) ©
A, (Xeas. i)
where
Kines, = the actual measured value at time interval i
X model =the modelled value at time interval i
n =the number of time intervals considered

Mean bias error captures the mean difference between measured and simulated data
points. A positive result shows an underestimation while a negative result indicates an
overestimation of the simulated results compared to the field measurements. The MBE
calculation allows for the cancellation effect (the positive biases compensate the nega-
tive ones), which is why the MBE method should be used with another measure of
model error.

The Root Means Square Error (RMSE) is one index which is not affected by the can-
cellation effect. It is a measure of the variability of the data. It is calculated by first
summing up the squared difference between measured and simulated data points
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on 2 C . .
(R, (Xineasi = Xmoger,i)” ), then dividing that sum by the number of time intervals (n)

and then finding the square root of the result. After that, the CV(MRSE) is obtained by
dividing the Root Means Square Error (RMSE) by the average value of the measured
data points.

é'inzl(X meas,i X mo del i )2
MRSE _ , @

CV (RMSE)(%) = =

meas meas

where

X
meas = the mean of measured values

The MBE measures how closely the simulated data correspond to the monitored data.
The CV(RMSE) specifies the overall uncertainty in the simulated energy consumption
model more exactly, because it also reflects the size of the error and the amount of
scatter. The MBE can be either positive or negative, but the CV(RMSE) is only positive.
The lower the value of the CV(RMSE), and the closer the MBE is to zero, the better the
model is calibrated. “In this connection, it should be noted that current calibration crite-
ria relate solely to predicted energy consumption, and do not account for uncertainty or
inaccuracies of the input parameters, or the accuracy of the simulated environment
(e.g., temperature profiles)” [80].

Regression analysis

The coefficient of determination (R?) is used in trend analysis and is calculated by
squaring the Pearson [119] correlation coefficient R.

. NAL X et Xt = (B Xt S X o) 8
n(él Xt )2 B (én modell)2 \/n( n measl) (én: X meas. )2 “
It el

The coefficient of determination is an important tool in determining the degree of linear-
correlation of variables (‘goodness of fit’) in regression analysis. It indicates how accu-
rately the simulation results match the measurements, by comparing the values at each
time step to the measured value and determining the level of accuracy as an evaluation
of the overall difference between them. It is not only a measure of how well the pattern
of the model follows the pattern of the measurements, but also a measure of accuracy,
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determining the error at each time step [120]. The accuracy of the simulation can be
judged by the closeness of R2to 1.0 and a target value of R? > 0.8.

The accuracy of the simulation was also evaluated by calculating the mean percentage
error (MPE) and Mean absolute percentage error (MAPE) as well as maximum (MAX)
and minimum (MIN) errors. Mean percentage error is calculated by the equation:

1 O n Xmeasi - Xmodeli
MPE (%) =— Q. ' '
(%) n ., X 9)

meas,i

The benefit of the MPE is that it gives a view of the level of the simulation results (is the
simulation over- or underestimating the results). On the other hand, the problem with
MPE is that the negative and positive values cancel each other out when averaged.
Therefore, the Mean Absolute Percentage Error (MAPE) is also calculated. It is a
measure of the total size of the error in percentage terms.

- X
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MAPE (%) = <
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Sensitivity index, Sl

The sensitivity of the different parameters to the model’'s performance was analyzed
with a sensitivity index (Sl), which is calculated by the following formula [81]. It is a one-
at-a-time (OAT) approach to sensitivity analysis, which means it is calculated by vary-
ing one input parameter at a time while keeping all the others constant. Any uncertain-
ties in one parameter can thus be calculated in order to ascertain how the variations
affect the model’s output. The higher the SI, the more sensitive or influential the con-
sidered parameter is to the output of a model. For example, 50 % means high sensitivi-
ty and 1 % very low sensitivity.

E,. -En
S1(%6) = = (11)

max

where
E = the maximum effect (in %) of considered parameter to output

max

E. . = the minimum effect (in %) of considered parameter to output

min
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This method is one of the simplest methods for screening the most important parame-
ters over the investigated output in a model [93]. The drawback with the method is that
it does not take into account the interaction between the model inputs. This interaction
is discussed in connection with the development of the simplified method for glazed
space interior temperature and heating energy-saving evaluation, i.e. in connection
with Article IV.

2.3.4 IDA Indoor Climate and Energy (IDA-ICE) overview

The IDA Indoor Climate and Energy (IDA-ICE) is an extension of the general IDA simu-
lation platform, the IDA simulation environment, and has been under development
since the 80s [121]. It was initially developed at the Royal Institute of Technology (KTH),
and the Swedish Institute of Applied Mathematics, ITM [122]. The basic design princi-
ple behind the IDA ICE library was to provide the best possible resolution of key phe-
nomena while enabling whole-building, full-year simulations within commercially ac-
ceptable execution times [123]. It features equation-based modeling (NMF-language
[124] or Modelica language [125]) and is equipped with a variable time step dilleren-
tial-algebraic equation (DAE) solver [121]. IDA-ICE uses the multizone technique (also
called the nodal method) for problem solving (Figure 6). It considers each building zone
as a homogeneous volume (or a node) that is described by a unique temperature,
pressure, concentration, etc. A node can represent a room, or a wall, but it can also
represent something more specific, like a load. The temperatures of all the walls in a
zone that is connected to another zone, to the outside or to the ground are calculated
separately. The physical equations are solved for each node of the system. The huge
advantage of this technique lies in its ability to describe the long term behaviour of a
multiple zone building in a small computation time. [126]

./'T

Figure 6. Schematic representation of IDA-ICE problem solving [127].

As with many other whole-building simulation tools, the software is based on the build-
ing’s geometrical description, which provides the basis for a more detailed calculation
of the distribution of solar radiation in and between rooms. The software calculates the
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energy balances dynamically taking into account climatic variations and a dynamically
varying time-step. The software solves heat-balance equations according to the user-
defined geometry, construction, HVAC conditions and internal heat loads of the build-
ing. The software allows the use of measured climate and weather files containing in-
formation about the air temperature, relative humidity, wind direction and speed, direct
normal radiation and diffuse (sky) radiation on a horizontal surface and calculates, for
example, the solar radiation based on the building’s location and the position of the sun
in the sky.

IDA ICE offers separate user interfaces for different user categories [128, 121]:

Wizard interfaces lead the user through the steps of building a model for a
specific type of study. This interface is intended for less experienced users with
a particular focus on a certain type of study.

The standard interface is for users to formulate a simulation model using do-
main-specific concepts and objects, such as zones, radiators and windows. It
corresponds roughly to the graphical user interface (GUI) of a typical 3D graph-
ical multi-zone building performance simulation tool, requiring the building de-
signer to formulate a meaningful simulation model in terms of thermal zoning,
etc.

The advanced level interface allows the user to browse and edit the mathemati-
cal model of the system. One clear benefit of the advanced level is that it ena-
bles the implementation of adaptive features and custom control macros directly
into the mathematical model, for example, in the context of an adaptive facade
[129].

NMF and/or Modelica programming—for developers.

The basic features of IDA-ICE were contrasted with the other main building simulation
tools by Crawley et al [128] in 2008 (Table 5) and its ability to simulate adaptive fa-
cades was reviewed by Loonen et al [129] in 2016. These studies give an insight into
the current model’s features of selected building energy simulation programs, and they
confirm the fact that the basic principles of IDA-ICE calculations are in line with the
characteristics of comparable building-energy simulation programs. There has been
further development of model simulation environments. For example, the IEA Annex 60
[130] and the general prospects and requirement of the new generation simulation
tools presented in reference [131]. The goal of the Annex 60 project is to develop and
demonstrate a new generation computational tool for building and community energy
systems, based on the Modelica and Functional Mockup Interface standards [132].
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Table 5. Comparison of the DOE-2, ESP-r, EnergyPlus, IDA-ICE and TRNSYS zone
load, building envelope, daylighting, solar, infiltration, airflow, ventilation and HVAC

systems calculation princibles [128]

DOE-2

EnergyPlus

ESP-r

IDA-ICE

TRNSYS

Interior surface convection

» Dependent on temperature

* Dependent on air flow

» Dependent on surface heat coefficient from CFD

« User-defined coefficients (constants, equations or corre-

lations)

Internal thermal mass

Automatic design day calculation for sizing

« Dry bulb temperature

« Dew point temperature or relative humidity

* User-specified minimum and maximum

» User-specified steady-state, steady-periodic or fully
dynamic design condition

Outside surface convection algorithm

* BLAST/TARP

* DOE-2

* MOWITT

* ASHRAE simple

« Ito, Kimara, and Oka correlation

« User-selectable

Inside radiation view factors

Radiation-to-air component separate from detailed
convection (exterior)

Solar gain and daylighting calculations account for
inter-reflections from external building components
and other buildings

Single zone infiltration

Automatic calculation of wind pressure coefficients

Natural ventilation (pressure, bouyancy driven)

Multizone airflow (via pressure network model)

Hybrid natural and mechanical ventilation

Control window opening based on zone or external
condition

Displacement ventilation

Mix of flow networks and CFD domains

Idealized HVAC systems

User-configurable HVAC systems

Pre-configured systems (among 34 identified)

16

28

32

20

Discrete HVAC components (among 98 identified)

39

66

40

52

82

« = has capability; P = partially implemented; O = optional feature; R = optional feature for research use; | = feature
with difficult to obtain input data; E = feature for expert use

In order to construct a glazed-space simulation model with the correct physical pro-
cesses, the outdoor climate, the glazed space and the building and its control strate-
gies all have to be modelled correctly. Furthermore, the ‘goodness of fit’ requirements
have to be quantified and the accuracy of the model has to be justified. There are many
factors to consider in order to make an accurate glazed-space simulation. For example,
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the procession of the solar radiation, the heat exchange in connection with a shaded
window system, the air flow in the cavity due to buoyancy and wind, the longwave radi-
ation exchange and the convective heat transfer are all essential parameters that need
to be modelled as accurately as possible. These features of the IDA-ICE are described
in more detail below.

Solar radiation procession

The average hourly solar radiation values (direct normal and diffuse horizontal) given in
the climate files for each location are used for the simulations. The direct radiation val-
ues are then recalculated for each fagade taking into account the building’s location,
the orientation of the facades and the angles of the surfaces in relation to the exact
position of the sun. The diffuse radiation is also recalculated for each facade using
three optional methods as demonstrated in ASHRAE [133], Kondratjev [134], and Pe-
rez [135]. The Perez model is used as a default, as according to IEA Task 34 [136], the
Perez model’s results corresponded best with measured global vertical irradiance on
the southwest facade. Noorian et al [137] also compared the efficiency of 12 diffuse
irradiation models on inclined surfaces and concluded that the Perez [135] model
showed the best agreement with the measured tilted data.

Window models

The windows can be modelled in IDA-ICE by using either a simple or detailed models.
In the simple model, the optical and thermal properties for the whole glazing (at normal
incidence) are given as input data and only the temperatures of the innermost and
outermost panes are modelled. Those panes, or the external and internal surfaces of
the window, have their own links for shortwave radiation and heat exchange. An exteri-
or window surface is exposed to longwave radiation and convection. An interior window
surface has an exchange of longwave radiation with zone surfaces in the same zone
and convective heat exchange with the zone air. The conduction through the glass
combination is calculated by adding up the surface resistances to the window ‘pane
resistance’. In this model it is assumed that solar absorption takes place only in the
innermost and outermost panes. From these surfaces, the heat is transmitted inwards
and outwards. The split between the sides is calculated based on the assumed surface
resistances. Any integrated window shading (internal or external shades in the plane of
the window) is calculated by multiplying the shading effect with the window’s basic g-
value. [138, 86] This is simplest way to calculate the g-value for the whole system [139]

An 1SO-15099-based detailed window and window shading model [140] was employed
to compute overall heat transfer through the glazing. It is a detailed, pane-by-pane cal-
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culation and uses the optical and thermal properties of all the window panes and the
gasses in the gaps between the panes. The thermal bridges of the frame mountings
were added to the thermal transmittance of the window frame [136]. There is also a
separate model for external window shading which calculates the combined shading
effect on a window created by a set of obstructing objects. These objects could be the
surrounding buildings, the calculated building itself, or local exterior shading devices,
such as fins or a window recess. The model calculates the sun’s position to evaluate
the instantaneous shading effect on direct solar radiation, but does not reduce the dif-
fuse radiation. [138]

The angle-dependent optical properties of the glazing are calculated with consideration
of multiple reflections and the solar absorption in each pane. From this, both the solar
light and the heat transmission are calculated and even the heat capacity of the panes
is taken into account. Because the 1SO-15099 standard does not cover the calculation
of single-pane angular properties, the angular properties of uncoated panes are calcu-
lated with the so-called Fresnel equation. From those models, the detailed window
model provides better simulation performance in cases where there is detailed
knowledge of the window parameters requiring access to an extensive window data-
base [136].

Long wave radiation exchange

Once it has reached inside the zone, the diffuse solar radiation is spread diffusely while
the beams of direct radiation hit their exact target locations. The direct radiation is dif-
fused as soon as it hits an opaque surface, and the area of diffuse reflection is as-
sumed to occur over the whole surface (not just on the sunlit portion of the surface).
The reflected radiation from the sky and the ground is diffusely spread after it comes
through the window in the zone. When calculating the diffuse shortwave radiation be-
tween surfaces in a zone, the openings are counted as surfaces. The radiation is calcu-
lated using view factors (in the detailed zone model) or surface areas (in the simplified
model). The reflection from openings is zero. All radiation ‘absorbed’ by an opening
passes to the adjacent zone and is regarded there as diffuse radiation coming from the
opening (the anisotropy is ignored). The ‘temperature’ of the opening is calculated from
the balance of radiation in the opening.

For the long-wave radiation exchange between the ground and the building facade as
well as the sky and the building fagade, the ground temperature is assumed to be the
same as the air temperature and the sky temperature is five degrees below that [138].
This assumption for the sky temperature has proved to be a surprisingly good average
value in the long term [141]. However, a more sophisticated sky temperature model,
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based on cloudiness, is introduced in IDA-ICE 4.7. In this sky model, it is assumed that
the degree of cloudiness is recorded in the weather file, but if it is not, the old sky tem-
perature model is used.

Energy and climate models

At the core of the NMF library [124] are both a detailed and a simplified zone model.
The detailed zone model, available only for rectangular zone geometries, has been
developed for the detailed calculations needed for indoor climate studies, for example,
calculations of displacement ventilation, mean radiant and operative temperature, com-
fort indices and daylight levels. The simplified zone model is intended for multizone
energy simulations in which accuracy can be sacrificed for the sake of speed [124].
The main difference between the climate- and energy-zone models is that in the former,
the diffuse solar and thermal radiation distribution between the surfaces is calculated
by view factors, while in the energy-zone model these are just distributed according to
the sizes of the surfaces.

In the energy model, the internal walls without a thermal connection to the surrounding
zones are assumed to be adiabatic, whereas the external walls and partitions connect-
ed to other simulated zones are handled separately. This is because the conditions on
the opposite side are different from those in the zone. The geometry of the zone is not
known in detail, although the surface areas are known and are used for distribution of
radiation. The slopes of the surfaces are also known and are used to calculate on-
linear convective transfer. The model handles the diffuse radiation that comes into the
zone from the windows and from the reflection of direct light (which is not reflected
back out) by dividing it between the surfaces according to the surface’s area multiplied
by its absorption value. The longwave radiation for every surface is calculated using
the mean radiant temperature in the zone.

In the (detailed) climate zone model, the incoming short-wave radiation is distributed
diffusely according to the Li Yuguo subroutines [142]. The view factors between the
surfaces are calculated and the emitted and reflected irradiation is distributed accord-
ingly by solving a series of radiation-balance equations for all the surfaces. The distri-
bution and absorption of diffuse light at the different surfaces is treated in a similar way.
As a result, properties such as the displacement ventilation and room temperatures
vertical stratification in the zone, as well as operative temperatures, comfort indices
and daylight levels at arbitrary room locations can be calculated with this model. The
subroutines have several limitations: 1) all the surfaces have to be rectangular, 2) all
the surfaces have to be in sight of each other and 3) it does not deal with obstacles
[138, 86, 123].
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The convective heat transfer

The wind-dependent external surface convection is calculated according to the method
introduced in reference [143]. It is calculated from wind data in the climate file (normally
measured at 10 m height in an open area), the height of the building and the choice of
the wind profile parameters. The latter are used for recalculating the wind speed at roof
height [144]. The model for calculating the heat-transfer coefficient from the wind speed
and direction is taken from reference [143].

The internal surface convection model is a reproduction of the BRIS model [145]. The
BRIS is an extensively validated heat-balance program for non-linear radiation and
convection calculation [146]. The optional models for calculation in IDA-ICE are listed
below, from which IDA uses max(BRIS model, Ceiling Diffuser Model) as a default.

BRIS Model [147]

Detailed Natural Convection Model [148]

Simple Natural Convection Model [148]

Ceiling Diffuser Model [149]

Max(BRIS model, Ceiling Diffuser Model) (default)

Max(Detailed Natural Convection Model, Ceiling Diffuser Model).

BRIS Model [147]: The BRIS model calculates the internal surface convection coeffi-
cient as a function of the temperature difference between the air and the surface, and
the slope of the surface [150]. The data is given in terms of a table where intermediate
values are evaluated using linear interpolation.

Detailed Natural Convection Model [148]: The detailed natural convection model is
based on plate experiments and correlates the convective heat transfer coefficient to
the surface orientation and the difference between the surface and zone air tempera-
tures.

Simple Natural Convection Model [148]: The simple natural convection model uses
constant coefficients for each of the heat transfer configurations. The criteria to calcu-
late reduced and enhanced convection conditions are similar to those used in the de-
tailed model.

Ceiling Diffuser Model [149]: The ceiling diffuser model is based on a room outlet
temperature reference. The heat transfer coefficient is expressed as a function of Air
Change per Hour (ACH).
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The interior convective heat transfer coefficients are, in reality, extremely dependent on
the exact position of the inlet ducts, the airflow path, the position of heaters etc. All
simulation programs use some kind of ‘standard’ model for this. Even though the signif-
icance of modeling internal surface convection in dynamic whole-building simulation
programs was highlighted by [151] in 1999, the internal convective heat transfer still
seems to present significant challenges. This is particularly evident in glazed balconies,
in which the external single glazing’s heat resistance is low, and the airflow change in
the balcony space is high. Good modelling accuracy for convective heat transfer is dif-
ficult to achieve without accurate measurement of the airflow in a space.

Air flow in the cavity

IDA-ICE includes a multi-zone airflow model that can handle four different types of air-
flows: the supply and exhaust air terminals, air leakage paths through the envelope and
additional flow paths for other openings [138, 86].

The air flow model of IDA-ICE is based on pressure differences between the indoor
and the outdoor climate, and the defined air leakage through the building at a pressure
difference of 50 Pa. The pressure differences depend on temperature differences and
the effect of the wind on the building envelope. The airflow between the zones and out-
doors caused by the pressure differences is simulated by means of a nodal network,
where the flow paths, cracks or openings between the zones or outdoors are described
as flow resistances. This approach is commonly used in multizone energy simulations,
and also widely accepted in measurements and air infiltration standards [152, 153].
The theoretical basis of this empirical power law equation has been developed by
Sherman [154].

IDA-ICE uses a linearized power law equation around a zero pressure difference, and
a normal power law equation when the pressure difference equals or exceeds a limit
value of linearization [155]. The effect of the wind is calculated by using the normal
assumption in building engineering that the wind flow is horizontal and an atmospheric
boundary layer is neutral without vertical air flow [156]. The air movement in one zone
iS non-existent, because IDA models each zone as one node of mass. The flow be-
tween zones is modelled in the same way as above, but without the wind pressure.

Other zone features relating to the glazed space simulation

There are two options for the modelling the heat transfer between a surface and the
ground. The first is the ICE3 model and the second is the 1SO-13370:2007 [157] model.
In both models, the ground heat transfer is modeled as two 1D heat transfer paths, one
to the surface and one to a ground temperature. In the ICE3 model [86], the outermost
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surface layer is connected to a constant ground temperature, which is computed as the
mean air temperature of the selected climate file. In ISO, the outermost layer is con-
nected to a virtual ground temperature, which is calculated on a monthly basis from the
selected climate file. Even though the ISO model is the more complicated (and realistic)
of the two, both the ISO and IDA ground models are simplifications and intended main-
ly for energy simulation.

The current software package does not include the possibility to connect an adjacent
zone to the ventilation unit (air supply from the cavity), nor is there any model to handle
the ground duct system. This means that the air supply through the cavity has to be
simulated by placing an extra exhaust ventilation unit inside the cavity space and con-
necting it to the attic ventilation unit. The ground duct system, in turn, should be mod-
eled as small underground zones connected to each other. By doing this, a rough esti-
mate of the impact of the ground duct system can be obtained. An even better method
is to add, for example, a simplified NMF-based Ground to Air Heat Exchanger model in
IDA-ICE [158].

Validation of the building simulation softwares

There are standardized procedures for the validation of building energy simulation tools,
for example, EN ISO 13791:2012 [159], EN 15265 [160] and ANSI/ASHRAE standard
140 [161]. The EN ISO 13791:2012 [159] standard defines test cases for heat conduc-
tion through opaque walls, internal long-wave radiation exchange, shading of windows
by external structures, and a test case for the whole calculation method. It is mainly
intended for the calculation of typical buildings, and it does not contain sufficient infor-
mation to calculate the effects of sunspaces, for example. The EN 15265 [160] stand-
ard specifies a set of assumptions, requirements and validation tests for the proce-
dures used for the calculation of the annual energy needs for space heating and cool-
ing. This validation procedure is significantly simplified, however, and does not cover
non-linear film coefficients, dynamic solar patch tracing or the full Stephan-Boltzmann
radiation between surfaces in the reference model. A test procedure called BESTEST
[161] has been implemented within the International Energy Agency (IEA) Solar Heat-
ing & Cooling programme (SCH) and published in the ANSI/ASHRAE Standard 140
[161]. This methodology defines a comparative set of tests run on single-zone and
double-zone shoebox configurations with variations in mass, windows, overhangs, and
fins. The main reason for performing the tests is to ascertain that the computational
models give reasonable values compared to other software programs. The IEA has
also employed empirical validation studies and has implemented empirical validation
procedures, for example, within the IEA SCH Task 34 and ECBCS Annex 43 [136, 162].
The purpose of those studies was to create data sets for use when evaluating the ac-
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curacy of models for glazing units and windows, both with and without shading devices.
The program outputs were compared with experiments performed at an outdoor test
cell in Switzerland and a facility in the United States. Other validation procedures are,
for example, the ETNA and GENEC tests for empirical validation [163] and the CIBSE
accreditation test for the building-energy simulation tools [164]. Nowadays, there are a
number of high-quality outdoor test facilities, which have been documented within IEA
Annex 58 [165]. IDA-ICE have undertaken most of the previously mentioned validation
studies. The key findings from those validations are shown in Table 6.

Table 6. Key findings of the IDA-ICE validation studies.

IDA-ICE version Validation Key findings Ref.
study (year)
IEA Task 22 The agreement between simulated and measured data was good and
IDA-ICE 2.1 disagreements generally fall within the range of experimental uncer- [166]
(2001) -
tainty of the measured data.
) EN 13791 After adapting the model to the simplification of the EN13791 reference [167]
(2001) standard, IDA-ICE gave the results as demanded by the standard.
IDA-ICE 3.0 FZAOS::)EST IDA-ICE provided a good agreement with the reference programs [168]
Errors and deficiencies with respect to solar radiation, glazing, shad-
IEA SHC Task | ing, and surface heat transfer was identified. The new Detwind model
34/ ECBCS was proved to perform better than simplified window model and Perez [136
IDA-ICE 3.0 Annex 43 1990 tilted surface radiation model made as a default. The best per- 72] '
Project C forming softwares (EnergyPlus and IDA-ICE) featured dynamic con-
(2007) vective heat transfer coefficient algorithms and more accurate
longwave radiation models.
After adapting the model to the simplification of the CIBSE TM33
IDA-ICE 4.0 CIBSE (2007) reference model, IDA-ICE passed the test (169]
IDA-ICE 4.0 égﬁgngligE IDAICE 4 perforr_ns'well in the test series. In all cases, the software [170]
(2010) performed on a similar level than other softwares
EN 15255-2007 and EN 15265-2007 is significantly simplified with
EN 15255 and | respect to state-of-the-art thermal building models. The sufficient
IDA-ICE 4.0 EN 15265 simplification was adapted to the model and the test passed within [171]
(2010) given error boundaries. The ambition has not been to
match the reference model as closely as possible.
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2.4 Factors affecting the thermal behavior of glazed spaces

A glazed balcony is a non-heated outdoor space receiving its heating energy from out-
side (Figure 7). The two primary heat sources are solar radiation energy and the ad-
joining building’s heat losses. The intensity of both heat sources varies significantly
depending on the time of day and the season. The building’s heat losses are the great-
est during the coldest days of winter and the solar radiation the strongest in spring,
summer, and autumn. [19]
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building (cracks, air inlet, etc.)

- user behaviour (Airing through the
balcony door or window)

Figure 7. Glazed balcony heat balance at different times of year. [19]

Loose balcony glass and balustrade solutions contain a lot of routes through which the
air can leak, so warm air can flow out of the balcony quite freely. Additionally, because
of their poor insulation, the load-bearing balcony structures, the balcony glazing and
the balustrades release significantly more thermal energy through conduction than the
building’s external walls do. Heat losses and air leaks increase in cold weather and
decrease if the weather becomes milder. At the same time, the temperature difference
between the glazed balcony and the outdoors also changes. [19]
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In order to maximize the temperature difference between the glazed space and the
outdoor air, it is really important to optimize the balcony’s type and size, as well as its
thermal insulation capacity and the air-tightness of the structures. Increasing the length
of a balcony also increases heat losses from the building to the balcony. In general, a
long and narrow balcony is recommended for maximizing heating energy savings and
natural light [172]. Earlier research suggests that, compared to newer protruding balco-
nies, the influence of balcony glazing is more significant in blocks of flats with recessed
balconies constructed in the 1960s (Figure 8). This is due to the following factors, inter
alia [46]:

- As compared to protruding balconies, recessed balconies profit more from the
building heat losses and solar energy absorbed by the walls that connect the
balcony space to the interior space.

- As compared to newer buildings, the heat loss level is higher in the 1960s build-
ings because of the significantly lower thermal insulation capacity of the exter-
nal wall, windows and doors of the adjoining flat.

- Protruding balconies need the installation of balcony glazing on several sides,
which means that the area of relatively loose glazing increases and there are
more air leaks.
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Building exterior wall area higher
(balcony heat gain level higher) c.C Air flow path

2.3 mm air gap S i More the glazing untighter the overall solution

Openable balcony glazing system

Figure 8. A recessed glazed balcony is superior to a protruding glazed balcony, and
internal cladding on the balustrade is better than external cladding for the building’s
heating energy-savings and for the indoor balcony climate (warmer in the winter time).

The temperature of a glazed balcony can be raised in winter by optimizing the equation
3 relationship between the specific losses and the specific gain at the balcony (the low-
er the better). Some examples of the current G-value levels can be seen in Figure 8, in
which a recessed glazed balcony in a 1960s apartment building with internal cladding
of the balustrade (left) results in a G-value of 3 and a protruding glazed balcony in a
2000s apartment building with external cladding of the balustrade (right) results in a G-
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value of 18 (a 6-fold difference). In the Finnish climate, a good rule of thumb for the
design of a new balcony is that the G-value should be as close as possible to 1, if the
aim is to get the space temperatures to stay above zero during the winter without a
separate heating device.

Obviously, a building’s geographical location also affects the indoor climate and heat-
ing energy-savings achieved by a glazed space [64]. A different location means differ-
ent outdoor air and wind conditions, which will result in reduced or increased heat loss-
es through transmission and infiltration. The basic principle regarding location is that
the more southern and milder the climate is, the greater the heating-energy savings
percentage-wise. This is due to the increased amount of energy absorbed by the space
due to the increased intensity of solar radiation in the south [173]. However, the heating
energy savings in kilowatt hours may decrease the further south you go [174]. It is typi-
cal of cloudy and rainy climatic conditions that there is a high proportion of diffuse
short-wave solar radiation [59]. In windy areas, the glazing plays an important role as a
thermal buffer zone, reducing the heat losses from transmission and infiltration [64].
Rain falling on the glazing is also significant because it cools down the exterior surface
of the glazed structure and increases the heat losses to outdoor air. Spray irrigation is
actually used as a cooling method in warm climates [54].

The orientation, external obstructions, and shade from the sun also have an effect on
the amount of stored solar radiation, because these factors all limit the amount of radia-
tion entering the space. Although it is important that the space is oriented towards the
equator (£30°), a building’s orientation is not a major contributor to the energy savings
of a glazed balcony [68]. Nevertheless, it has been proved that external obstructions
and solar shading significantly affect the solar radiation stored in a glazed space. The
presence of shading during the winter months increases the thermal resistance of the
sunspace’s external walls and blocks radiation exchange between the walls and the
deep sky [173, 66].

The air-tightness of the balcony has a marked impact on the temperatures of the
glazed space. Ventilation with outdoor air removes some of the absorbed energy and
consequently lowers the temperature of the sunspace [173]. The air exchange rate of
loosely-sealed glazed spaces varies daily and is highly dependent on the temperature
difference between the glazed space and outdoor air, as well as wind conditions [20].
The building’s ventilation solution also affects the end result. In terms of the heating
energy-savings of the building, it is advisable to integrate the glazed space with the
mechanical exhaust ventilation from the building, and thus use the glazed balcony as a
pre-heater for the air intake (Figure 9) [48, 64]. However, if the supply and exhaust ven-
tilation unit has heat recovery, the situation is the other way round, and it is advisable



62

to take the supply air from outside the glazed balcony [28]. In addition, the volume of
supply air through the balcony should be carefully adjusted in the winter by taking into
account the temperature drop effect of the balcony air (the temperature drop is roughly
1-3 ° C, depending on the volume of air flowing through the balcony). This means that
the air volume is low enough to allow the balcony air to be warmed by the effect of
building heat losses and solar radiation. A good starting point for a new balcony design
[48] could be that between one-half or one-third of the incoming air is passed through
the balcony. If the air supply inlets between the glazed balcony and the flat cannot
easily be closed off [62], it may lead to overheating in the adjoining flat on hot summer
days. To avoid this adverse effect, it is important that the vents are easily adjustable,
and that they can be closed during unfavourable climate situations.
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Figure 9. In terms of the heating energy-savings of the building, it is advisable to inte-
grate the glazed space with mechanical exhaust ventilation, and thus use the glazed
balcony as a pre-heater for the air supply [48, 64]. This is a typical solution in Finnish
blocks of flats from 1970s.

The material and surface properties of the glazed space and the building’s external wall
affect the indoor temperature and thus the heating energy-savings of the glazed space.
According to [63], the thermal conductivity of the wall strongly affects the heat flux
through the wall, although its density and heat capacitance have only a small effect [63],
albeit heat capacitance affects temperature variations and the thermal comfort of the
space. However, the absorption coefficients of the surfaces have a strong impact on
the interior temperatures of the glazed space and the achieved heating-energy savings.
[20]

In summer, the absence of shading can lead to overheating in the glazed balcony or in
the adjacent rooms [16] even in northern climates [65]. This has also been confirmed
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by field monitoring and resident interviews in Finland. For example, in the temperature
measurements taken in Tampere during this study, some glazed balconies reached
almost 40 °C as early as in May [19], and even higher temperatures have been report-
ed to the authors during this work (some residents have reported their own measure-
ments to the author). Also, the interviews with the balcony users confirm the occur-
rence of this problem. For example, survey interviews conducted by the VTT Technical
Research Centre of Finland in the 1980s revealed that 75 % of the interviewees who
had glazed balconies said that their balconies warmed up more after the installation of
glazing than they had done before, if the glazing was completely closed [44]. On the
other hand, the awareness of overheating problems in the summer is generally good,
and balcony users have found ways to react to the recurring problem. For example, in
another resident survey carried out in connection with Jari Heikkild’s doctoral disserta-
tion [18], about 80 % of glazed balcony owners kept at least one pane ajar (airing posi-
tion) during the summer. The airing position is not, however, an efficient enough solu-
tion for glazed balcony temperature control during a really hot summer’s day, because
a) it does not sufficiently cool down the balcony temperatures and b) it does not elimi-
nate the harm of direct solar radiation (e.g. glare).

Studies also show that a balcony’s capacity to capture solar radiation also has a signif-
icant impact on its temperature during the summer months. In addition to the absorp-
tion coefficients of the balcony’s surfaces, the critical factors affecting the balcony’s
storage capacity are any outside obstructions to the balcony, the amount of glazed
surfaces on the balcony and the balcony’s orientation. Field measurements and simula-
tions all indicate that increasing the amount of glass on the balcony directly increases
the absorption of the sun’s energy. The same effect is also achieved with darker sur-
faces. For example, the most effective solution to optimize the received solar radiation
is a terrace with a glazed roof and a black interior (Article II). In such cases, it is difficult
to remove the effect of solar radiation, even if very effective external solar shading
(g=0.06) and effective airing are used (examined separately within this study). In the
same context, it was noticed that a recessed balcony or protruding balcony with
opaque side walls (only one glazed side) is the best solution for preventing overheating.
Similar results were also obtained in reference [175].

Excessive indoor temperatures can be prevented by using an appropriate solar shad-
ing solution with the glazing [65] and by increasing the air flow by opening the balcony
glazing [73]. Spanish studies show that the optimum openness of the glazing is 25 %.
This degree of openness combined with external solar shading offers pleasant indoor
climate conditions even in very hot conditions, as occurs in Spain [175]. This study has
also produced similar results. However, the most commonly used sun protection solu-
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tion for Finnish balconies and terraces has usually been internal sun protection curtains
with g values of between 0.5 - 0.7 [12]. Also, the number of installations of these devic-
es is relatively low (Section 1.3.), even though they are freely available on the Finnish
market [12]. Very little external sun protection was encountered during this study in
Finland.

2.5 Conclusions of the literature review

The literature review showed that in recent years there have been markedly few stud-
ies or analyses of the temperature behavior of glazed spaces and their energy-saving
potential in Nordic climate conditions. In addition, the studies that have been carried
out have usually been quite narrow in focus, and have rarely dealt with the type of
frameless single glazing most commonly used on balconies in Finland. The literature
review also reveals that the DSF solutions used so far in Finland and Sweden have not
really been optimized, either. Because of the above, and the generally poor awareness
of the benefits of glazing, the construction techniques and the seasonal use of glazed
spaces have not been optimized in terms of their energy-saving potential, balcony in-
door climate or the avoidance of overheating in the summer. Thus, simple tools for as-
sessing the effect of balcony glazing on a building’s energy consumption and the bal-
cony’s indoor climate will be of great benefit for the optimal utilization of Finnish hous-
ing stock.

The spaces monitored in this study are non-heated outdoor spaces which receive their
‘heating’ energy from outside. The two primary heat sources are solar radiation energy
and the building’s heat losses. The intensity of both heat sources varies significantly
depending on the time of day and the season. The building’s heat losses are the great-
est during the coldest days of winter and the solar radiation the strongest in spring,
summer, and autumn [19]. According to the literature review, the relationship between
the heat losses from the glazed space to the outside and the heat gain from the build-
ing to the glazed space (equation 3) are the main factors that determine the tempera-
ture level of the space during the winter months at high latitudes [20]. This relationship
includes the air leakage through the glazing, which has a marked impact on the tem-
perature of the glazed space. Ventilation with outdoor air removes a significant propor-
tion of the energy absorbed, and consequently lowers the temperature of the sunspace
[173]. It is also important that the space is oriented towards the equator (+30°) and that
dark surface colors with high solar absorption [20] are used. It is also advisable to sup-
ply the inlet air through the glazed balcony in winter, and thus use the glazed balcony
as a supply air pre-heater, if the building is equipped with a mechanical exhaust venti-
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lation unit or if the building is naturally ventilated [48, 64]. However, if the air supply and
the exhaust ventilation unit are linked with an efficient heat recovery system, then it is
more efficient to use that [28]. The absence of shading can lead to overheating prob-
lems in the balcony or the adjacent rooms, and such overheating problems can be in-
tensified if the supply air comes through the glazed space in the summer. However,
excessive indoor temperatures can be prevented by using an appropriate solar shading
solution [65] and by increasing the airflow by opening the balcony glazing [73]. If there
is a supply air inlet between the glazed balcony and the flat, it is advisable to shut it off
in the summer [62].

Air temperature measurements are accepted as a useful method for evaluating the
functionality of the passive solar design of a sunspace. They reveal the dominant
pathways of heat gain and loss and give an indication of thermal buffer effects and
thermal comfort [69, 70]. By combining those measurements with the internal and ex-
ternal surface temperature measurements, it is also possible to reveal a structure’s
ability to store and release heat energy, and to get some kind of indication of the real
energy-saving potential of the glazed space. However, several studies have highlighted
the importance of accurate field monitoring, especially in a situation where the monitor-
ing results are used as an input parameter for simulation software (indirect error) and
where the simulation results are compared with monitoring data (direct error) [75].
However, there is no formal and recognized process for calibrating a simulation [98].
The ‘trial and error’ method is still commonly used, as it is in this study. The results
from these methods are highly dependent on the individual user’s skills and judgement
[93].

In practice, the purpose, method and level of the calibration depend on the aim of the
project, the intended use of the model, the user’'s experience and the available moni-
toring and calibration budget. The calibration methods can be classified into the follow-
ing four main categories [102]: 1) manual, iterative and pragmatic approaches; 2)
graphical-based methods; 3) special tests and analysis procedures; and 4) automated
analytical and mathematical approaches. It is also essential to define the required cali-
bration level right at the beginning of the calibration simulation study (Table 2) and,
more importantly, to verify that the available building information is adequate for the
intended purpose. Once the calibration level has been defined, the next step is to de-
fine possible error sources and perform an uncertainty analysis. According to Heo [109],
four main categories for uncertainties are scenario uncertainty, uncertainties regarding
the building’s physical/operational characteristics, model inadequacies and observation
errors (Table 3). These are the error sources that have been evaluated in this study.
The calibration criteria were taken from the ASHRAE Guidelines 14 [116] for building-
energy simulation model calibration (Table 4).
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There are many whole-building simulation tools available on the market, and the IDA-
ICE software is one of them. This software has undergone many commonly-used vali-
dation procedures with acceptable results (Table 6). For this study, its suitability is ana-
lyzed in relation to the key physical phenomena of a glazed space in section 2.3.4. Due
to the proven accuracy of the software, its user-friendly interface and the fact that it has
been under continuous development with Finnish technical support (developed and
maintained by EQUA Simulation AB [176]), the IDA-ICE was the natural choice as an
analytical tool for this thesis. The IDA-ICE’s chief advantage is its symbolic equation
structure; (most other building performance simulation tools use variable assignment).
The IDA-ICE software allows the existing model's functionality to be extended fairly
easily [129] and the software can be used, for example, in complex ventilation control
models, as is done in article V. Therefore, the selection of IDA-ICE as the simulation
tool for this study is well grounded.
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3 Research material and methods

3.1 OQutdoor climates

The monitored balconies were located in Tampere, Finland (between 60" and 70"
northern latitude) and the building with added weather protection glazing that was used
for the case-study is located in Malmo, Sweden (between 55™ and 70™ northern lati-
tude). The climate of both countries is much milder than the latitudes might suggest,
mostly due to the relatively warm and steady air flow from the Gulf Stream in the Atlan-
tic Ocean. In addition, the geographical features of the Scandinavian Peninsula prevent
Finland and, to some extent, Sweden from experiencing the more extreme weather
conditions suffered in, for example, the coastal areas of Norway. In the Képpen Climate
Classification system, the southern part of Sweden and Finland’s southern coastline lie
in a humid continental zone (Dfb), while the northern part of Sweden and most of main-
land Finland is in a continental subarctic zone (Dfc) [177].

3.1.1 Tampere’s climate

The city of Tampere (61°29'53" N, 23°45'39" E) is located approximately 200 km north
of Finland’s southern coast. The city's winter is cold and the summer is mild. In normal
years, the average temperature from November to March is below 0 °C and below
17 °C over the whole year. Tampere’s annual average temperature is 4.4 °C and it has
4,424 heating degree-days (HDD17) in a normal year [178]. The climate information
used in the analysis of the field-monitored balconies and flats during 2009-2010 was
acquired from the Finnish meteorological institute (FMI). The temperature, relative hu-
midity and wind information were gathered from Tampere-Pirkkala weather station and
the solar radiation information from the nearest radiation observatory, which is about
100km south of Tampere, in Jokioinen. Figure 10 shows a summary of the temperature
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and radiation data over the measurement period (2009 — 2010), which is compared
with data showing Tampere and Jokioinen’s ‘normal’ temperature and radiation data
from the preceding 30 years [178]. As can be seen, our measurement data reflects the
long-term averages quite well (Article III).

22 270
18 20 E
T 14 210 3
¥ 10 180 ©
‘E 6 150 &
g 2 . . . 120 &
g 2 9 £
6 60 8
-10 30 &
-14 mo 0
Jul Aug Sep Oct Nov Dec lan Feb Mar Apr May
I Horizontal Global rad (normal year, lokioinen) [ Horizontal Global rad (2009-2010, Jokioinen)

—#— Air temperature (2009-2010, Tampere-Pirkkala) =—{J— Air temperature (normal year, Tampere-Pirkkala)

Figure 10. Monthly average temperatures of Tampere and horizontal global radiation of
Jokioinen during the field measurement period and a normal year.

3.1.2 Malmo climate

The city of Malmé6 (55°3621" N, 13°02'09" E) is located near the southwestern tip of
Sweden. The annual average temperature of the city is 9.1 °C [179] and there are
3,250 heating degree-days (HDD17) in a normal year [180]. The outdoor climate values
for the analyzed monitoring period (2014) used in the Malmd-case building simulations
were provided by the Swedish Meteorological and Hydrological Institute (SMHI). The
MetObs service [181] provided data on air temperature, relative humidity, wind direc-
tion and wind speed for Malmd Airport (Sturup) and global radiation for Malmo. The
direct solar radiation has been calculated through SMHI's service Strang [182, 183,
184]. The diffuse solar radiation has been calculated using Equation 6:

EdiF = Eglc\ - Edir.nnrm.' Sin(ﬂsnlj (6)
Where
Eaif = the diffuse solar radiation (W/m?)
Eglo = the global solar radiation (W/m?2],

Edir.norm. = the direct normal solar radiation (W/m?)
Osol = the solar elevation (degrees)
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The solar elevation was calculated with [185], based on the latitude, longitude and the
elevation of the simulated locations. Missing data have been interpolated. Figure 11
shows a comparison between the results of the 2014 weather file and the ‘normal’
yearly figures, which are the mean of the relevant weather data provided by Mete-
onorm [179] for 1999 to 2010. Once again, the data match each other pretty closely,
although the radiation level for the monitored year, (2014) was clearly higher than the
long-term average.
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Figure 11. Monthly average temperatures and horizontal global radiation in Malmoé dur-
ing the field measurement period and a normal year.

3.1.3 Other weather files in use

The international weather files for energy calculation, v. 1.0 [186] and 2.0 [187] (IWEC
and IWEC2) were used in the yearly simulations and, if those were not available for
some locations, the Finnish test reference year (version 2012) [188] or the climate
measurements from the Finnish meteorological institute (year 2010) were used. The
IWEC files are derived from up to 18 years of hourly weather data and the IWEC2 files’
measurements have been taken at least four times a day for up to 25 years [186, 187].
The Finnish test reference year, 2012, was based on the weather logs at Vantaa,
Jyvaskyld and Sodankyla weather stations from 1980 t02009. They consist of weather
data for twelve months, which have weather conditions close to the long-term climato-
logical average [188].
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Figure 12. Results charts of the IWEC2 weather files used in the simplified calculations
(Article IV).

The geographical location for the simplified calculation (Figure 12) covers the area from
the northern part of Finland to Central Europe. These locations are selected from one
weather data source (ASHRAE IWEC?2) in order to ensure that the files are created in a
consistent way, and are thus comparable. As seen in the figure, the climate conditions
of the areas differ slightly from one another. Unsurprisingly, Sodankyla’s weather is, in
general, clearly colder than the other cities and Germany’s climate is obviously milder
in winter than it is Finland. The largest deviations in the radiation levels can be found
between Germany and Finland’s direct normal radiation levels, which differed noticea-
bly from each other, especially in the summer. However, the diffuse radiation levels
were quite similar, regardless of location.

3.2 Field monitoring

3.2.1 The balcony glazing studies in Tampere

Eleven blocks of flats in four different urban areas of the city were chosen for the study
and placed in chronological order from the oldest to the newest with individual letter
codes (Figure 13). The oldest building is from 1966 (Building A) and the most recent
from 2006 (Building K). Most of the buildings are prefabricated, element-based con-
structions, typical of the 1970s. Four pre-1978 buildings did not originally include bal-
conies for all the flats, but balconies have later been added to two of them (buildings C
and D in Figure 13). In their external wall, window, door, and balcony structures, the
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buildings B - F from the 1970s were all pretty similar at the time of their completion, but
have since been renovated. The only exception was building E, which was still in its
original state during the measurement period. The majority of the balcony facades of
the buildings are oriented between the sector from the north west to the south east.
(Article 111)

Figure 13. Balconies in the studied blocks of flats, reflecting the different styles of con-
struction over the decades. The buildings are identified by a letter code, A - K. (Article

D)

3.2.1.1 Detailed monitoring on two balconies and flats

For the detailed measurements, monitoring was carried out with computerised equip-
ment on two balconies, one glazed and the other unglazed. The balconies were located
in the central part of the building’s southern facade, one above the other (Figure 14).
Field measurement equipment was used to measure the outdoor temperatures and the
balcony air temperatures, plus the surface temperatures on both sides of the balcony
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glazing and the balcony wall, door, and window (inner and outer) surfaces. In addition
to this, the temperature of the flat was also measured. (Article I)

Figure 14. South-western facade of the building F (left) and the measuring equipment
(right).

A special measuring system was assembled for the study and installed in a movable
measurement cabinet (Figure 14). The measurement cabinet was transported to the
test site and placed in the living-room of the flat, close to the balcony back wall. The
main components of the monitoring system were a portable computer, a data logger,
measurement sensors, sensor transmitters and power sources. The measurement was
controlled by the Agilent Benchlink Data Logger software and an Agilent 34970A Data
Logger.

Figure 15. Photos of the assembly of the surface temperature sensor [19]

Semiconductor sensors were used for the surface temperature sensors; the output
voltage generated by the sensors changed as the temperature changed. The semicon-
ductor sensors used were of the type LM 355 (manufacturer: National Semiconductor
Corporation). The sensor contact surface was approx. 17 mm. For assembly of the
surface temperature sensors, a semiconductor sensor was first attached by ‘super
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glue’ to a round aluminium disc. After the glue dried, long-term adherence was ensured
with the help of putty. Finally, the sensor’s external surfaces and approx. 20 cm of the
sensor wire were painted white (Figure 15). After that, the sensors were calibrated us-
ing Vaisala calibration equipment. The surface temperature sensors were installed on
two vertically adjacent balconies (Figure 14) and flats in building F (Figure 13) and
placed as shown in the connection diagram (Figure 16). The sensors are coded in a
combined letter and number code. Letter C represents a temperature sensor and the
letters RH represent a related humidity sensor. In addition to the letters, the sensors
are identified by a three-digit number code. Vaisala A-E have Vaisala Humicap
HTM100 type RH/T sensors.
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Figure 16. Connection diagram of the detailed monitoring of two flats and their balco-
nies.

The balcony door sensors were placed in the middle of the door’s glass pane and on
the inner and outer sides of the solid part. The sensors were attached to the surfaces
with polymer paste and the wires were duct-taped at approx. every 15 cm in order to
ensure a secure attachment. In all, four sensors were installed on the top and bottom
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part of the bottom flat window. In the case of the top flat's window, the sensors were
also placed in the middle of the pane, outside and inside. The back wall sensors were
placed case-specifically. Their placement was made difficult by hot-water radiators lo-
cated under the window, which interfered with the wall surface temperatures. Two pic-
tured from the placed sensors are shown below (Figure 17)

=i i - 5

Figure 17. Sensors were placed on the balconies and flats according to the connection
diagram (Figure 16).

The balcony, flat, and outdoor air temperatures, and the relative humidity, were meas-
ured at the surface temperature measurement locations by HMT 100 type sensors
(RH/T sensors) manufactured by Vaisala Oy. The temperature and humidity transmit-
ters consisted of a sensor component connected by a wire to an electronics unit. The
indoor air RH/T sensor was located in the living-room near the balcony back wall, and
the balcony’s RH/T sensor was located close to the ceiling. The sensor measuring out-
door air temperature and relative humidity was placed on the balcony frame wall and
protected against solar radiation and precipitation by a special factory-made outdoors
sensor guard (Figure 18).
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Figure 18. Outdoor weather sensor inside the factory-made outdoors sensor guard.

The system was used to measure the outdoor temperature, the flat and balcony air
temperature, as well as the surface temperatures on both sides of the balcony glazing,
the balcony wall and the door and window (inner and outer) surfaces. Temperatures
were recorded at 1-hour intervals for approx. 10 months (from 16™ July 2009 to 24"
May 2010). More detailed information about month-specific actions performed at the
detailed monitoring site are described in Table 7. (Article I)

Table 7. Month-specific actions performed at the detailed monitoring site.

Month | Actions

- acquisition of field measurement equipment and surface temperature sensors

- information about the external window and door properties acquired from producers

- preparation and calibration of the sensors

- acquisition of energy audit, structural drawings and other site-related information available
- installation of measurement sensor

- specification of balcony structures and dimensions.

- photographing

- briefing of the inhabitants about the survey

- the measurement results were taken for the first time

- it was agreed with the inhabitants that meter readings will be taken approx. once a month
November- | - the computer was replaced in early December

December | - because of computer problems, the measurements were interrupted for about one month.
- ventilation and air leakage value determination through one-time measurement

- determination of walls, windows, doors and radiators surface temperatures by thermal camera
- measurement of radiator and supply air valve sizes

June

July

Sebtember

January- | determination of the building’s external wall thermal insulation level
February . - .
- mapping of the power needs of electrical equipment
- the inhabitants were interviewed about the flat usage habits and use of electrical equipment
- the flat monthly electricity consumption acquired
May - retrieval of measurement equipment

As described in Table 7, the air change rate, airtightness and thermal insulation level of
the apartment were determined by one-off measurements for later simulations. At the
same time, the inhabitants were interviewed about the flat's habitual usage and elec-
tricity consumption. The investigation focused on the flat with a glazed balcony. The air
change rate was determined by measuring the air flows of the flat's exhaust air valves
located in the kitchen, storeroom, and toilet. An Airflow LCA 6000 VA wing wheel ane-
mometer was used for these measurements. The air volumes were measured at differ-
ent ventilation device operation modes, including both normal and high power opera-
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tion. Before commencing the measurements, all of the doors and windows were
checked to be closed. A single measurement at a measuring point lasted for about 0.5
tol minute.

The airtightness was measured on a one-off basis using the pressure test equipment
Minneapolis Blower Door supplied by The Energy Conservatory, while the software
was from TECTITE. Before commencement of the actual pressure test, the windows
and doors of the flat were closed and any intentionally made apertures (such as air
change valves, cooker hoods and supply air valves) were closed and sealed. After that,
a door blower system was installed on the flat’s front door. With the help of the com-
puter-controlled blower, a differential pressure was created in the building between the
stairwell and the flat. Air flows were measured sequentially at five differential pressures
(0-60 Pa). The building’s air leakage value was determined based on these measure-
ments. The measurement instruments, along with their range and accuracy, are shown
in Table 8.

Table 8. Measurement instruments with range and accuracy

Company Measurement points Properties
Surface temperature sensors
TG;;CS)NAL SEMICONDUCTOR Surface temperatures: 37 pts Range -40°C to 100°C
tEinternal and_ extern_al'surface _of +0.4°C (calibrated to the
alcony glazing, building exterior Accuracy o o
; range -20°C to 30°C)
wall, window and door)
Air temperature sensors
VAISALA HUMICAP HTM100 Air temperatures: 5 pts Range -40°C to 80°C
(Outdoor, balcony and flat air Accuracy +0.2°C (at 20°C)
temperature)
+0.6°C (at -25°C to 65°C)
COMARK DILIGENCE N2003/N2013 | Air temperatures: 4 pts Range -20°C to 60°C
(Balcony and flat air temperature) +0.5°C (-20°C to 50°C)
Relative humidity sensors
VAISALA HUMICAP HTM100 Relative humidities: 5 ptS Range 0% to 100 % RH
(Outdoor, balcony and flat air Accuracy +1.7 % RH (0 - 90 % RH)
temperature) at +15°C...+25°C
+2.5 % RH (90 - 100 %
RH) at +15°C...+25°C
COMARK DILIGENCE N2003/N2013 | Relative humidities: 4 pts Range 0% to 97 % RH
(Balcony and flat air temperature) | Accuracy +3 % RH (-20°C to 60°C)
Ventilation airflows measurements
AIRFLOW LCAG6000VA Flat ventilation airflows: 3 pts Range 0.25 to 30 m/sec
(outlet vents in wc, kitchen and Accouracy at Calibrated better than +1
walk-in-closet) 20°C and % of reading 1 digit
1013 mbar
Flat airtightness measurements
One-Point 50 Pascal Pressuriza- Maximum 2879 I/s at free air and
tion Test (blowing air into the flow 2594 Is at 50 Pa
MINNEAPOLIS BLOWER DOOR flat): 1 pts
(test arrangement built into the Minimum | 51/s to 141 I/s according to
flat door) flow used ring
Accuracy +3 % RH with DG-700,
rings D&E +4 %
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The interviews of the flat's occupants which determined the habitual usage of the flat,
and the electricity consumption, were conducted during the measuring visits. The oc-
cupants provided information about the number of electrical devices, their specific
power and their daily operating times. Electricity consumption at the measurement site
proved to be clearly below average (1,500 kWh/year). The reason for such a low elec-
tricity consumption was the absence of a dishwasher and washing-machine, and the
generally low level of electrical equipment in the flat. In addition, the inhabitants used
the electrical equipment rather infrequently, mainly using the microwave oven for cook-
ing, for instance.

3.2.1.2 RHI/T monitoring on 22 balconies and flats

In the same period (17" July 2009 to 17" May 2010), the air temperature and relative
humidity on 17 glazed and 5 unglazed balconies and adjacent flats (Figure 19) were
recorded. Battery-powered Comark Diligence EV (N2003 and N2013) data loggers
were installed in the flats and on their balconies to measure air temperature and rela-
tive humidity. In all cases, there was one data logger in the flat and another on the bal-
cony.
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Figure 19. Data loggers in the flats and balconies of the studied blocks of flats.
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The data loggers were installed at a height of about 2 meters from the floor of the flat
and at least 4 meters from the external walls. External loggers were installed on the
balcony ceilings, hidden from direct sunlight, and at least 0.5 meters from any external
walls. The most common installation arrangement is shown in Figure 20, and schemat-
ic drawing of the measured apartments in Figure 19. In Figure 19, the buildings are
identified by a letter code, A — K and the balconies by a number code 1-22. The data
loggers are further identified by a three-digit number code. The graph also shows the
facade of the building, the apartment size and the balcony type, as well as a balcony
front view, the balcony glazing, the inhabitants routines and some temperature data.
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The test sites for the study were found in the Tampere area using VVO's real estate
database. The chosen sites were acquired by putting notices in the inhabitants’ mail-
boxes, door-stepping and phone mapping. Once a site was selected, attention was
paid to the building’s age, structural solutions, and facade orientation. Obviously, a
positive attitude towards the research was required from the inhabitants, so this was a
crucial selection criterion for the chosen blocks of flats. Another important criterion was
to use buildings in which only some of the balconies were glazed, because this allowed
temperatures to be monitored on glazed and unglazed balconies in the same building.
The test site acquisition and the measurement visits were divided into four periods, as
seen in Table 9.
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Table 9. Month-specific actions performed on the balconies RH/T monitoring.

Month Actions
- test sites acquisition by notice forms, doorstepping and phone mapping
June S ] ’
- temperature/humidity sensor calibration
- specification of balcony and balcony structures dimensions
- estimation of the thermal insulation levels
July - temperature/humidity sensors installation
- photographing
- briefing of the inhabitants about the survey.
- updating of test site inhabitant data
January- ) - .
- checking of balcony glazing usage (openess grade of glazing)
February : h ;
- taking of temperature/humidity sensor readings.
- temperature/humidity sensor retrieval and condition checking.
May . ) -
- checking of balcony glazing usage (openess grade of glazing)

The data loggers were used to show the influence of the balcony type, orientation,
amount of glazing, and the balcony’s wall, door, and window U-values on the glazed
balcony temperature conditions. The loggers recorded a reading every hour, and they
had the memory capacity allowed to store almost a year’s worth of data. The logger’s
were accurate to +0.5 °C for temperature and £3 % RH for relative humidity (Table 10).

Table 10. Measurement instruments with range and accuracy

Company Measurement points Properties
Air temperature sensors
COMARK DILIGENCE N2003/N2013 | Air temperatures: 4 pts Range -20°C to 60°C
(Balcony and flat air temperature) +0.5°C (-20°C to 50°C)

Relative humidity sensors
COMARK DILIGENCE N2003/N2013 | Relative humidities: 4 pts Range 0% to 97 % RH
(Balcony and flat air temperature) | Accuracy | +3 % RH (-20°C to 60°C)

3.2.2 Added glazing study in Malmo

The brick building with 1 Y-brick-thick walls was erected in the 1930s. In 2010-2011
the building was renovated by adding an outer layer of glazing at roughly 0.75 m dis-
tance from the south, east and west facades of the building (Figure 21). The north fa-
¢cade was not glassed in because of lack of space. The vertical glazing added to the
brick facade is single-pane clear glass and the horizontal glazing added to the top of
the cavity is argon-filled clear double glazing. The building faces 30° east of south. It is
heated by a hydronic heating system with radiators and ventilated by two independent-
ly working ventilation systems; 5701 for the building and 5702 for the cavity. (Article V)
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External obstructions

Supply air intake

Single clear glass

Figure 21. The main external obstructions in front of the studied building (left photo)
and the supply air intake (only used in non-heating conditions), which is located on the
north facade (right photo). (Article V)

There is also a ground duct system, a cavity-air exhaust fan (FF2) and two openable
window in the south cavity (Figure 22). The ground duct system consists of a large inlet
pipe (concrete), an underground pipe and cavity inlets. Outdoor air is supplied to the
ground duct via a large concrete pipe with an outside diameter of 1.2 m (Figure 22) and
a height of 1.5 m above the ground. The underground ducts are 400 mm in diameter
and the distance from the concrete pipe to the bottom of the glazed space is 7 m.
There are 4 air inlets of 100 mm diameter in each of the east, west and south sides of
the cavity (a total of 12 inlets) at the bottom of the cavities. The two cavity windows are
both about 0.5 x 0.7 m? in size (Figure 22). The standard air flow through the ground
duct and cavity exhaust fan (FF2) is 150I/s in the cavity cooling mode.

Cavity windows -

. Air circulation unit (FF1) /
W cavity cooling (FF2)

Air supply to ventilation unit

Cavity air temperature measurement point

Figure 22. South facade (left photo) and ground duct system (right photo) with descrip-
tion of the visible system components. (Article V)

3.2.2.1 Description of the ventilation systems

A mechanical supply and exhaust ventilation system was installed in the building during
the renovation. The ventilation unit; a Systemair VR 700 DC located in the attic, in-
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cludes filters, a rotary heat exchanger and a heating coil (Figure 23). The air is supplied
to each room through insulated ducts.

Figure 23. Picture of the ventilation unit; a Systemair VR 700 DC, and a monitoring
screen located in the attic.

The building ventilation system — 5701

The building ventilation system (5701) has two operating modes (Figure 24); one for a
heating period and one for a non-heating period. The first mode is used, when heating
is needed. In this mode, the outdoor air is passed through the cavity before it enters the
ventilation unit. The second mode is used for warmer periods, like the summertime. In
this mode, the outdoor air is not passed through the cavity. To avoid the air being over-
heated it is supplied directly to the ventilation unit from an air intake located on the
north fagade (Figure 21).
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Figure 24. The four principle operating modes for the two ventilation systems 5701
(supplying the building) and 5702 (supplying the cavity).

The cavity ventilation system - 5702

Another ventilation system, 5702, is used for control of the cavity air temperature. This

system works independently of the main ventilation system. It also has two operation
modes (Figure 24). The first mode circulates the air between the facades, when the

south facade temperature is above the temperature of the east or west facades. The
second mode, which uses the ground duct system (Figure 22), the cavity air exhaust

fan (FF2) and two openable windows, is intended for cavity cooling, and only operates
when there is a danger of the building overheating. Further information about the con-
trol options and operation modes are described in Section 3.2.2.2.
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3.2.2.2 Monitoring system and ventilation control

The building has been equipped with a monitoring system (Figure 25). Measurement
sensors for temperature, relative humidity, air flow and other parameters have been
installed at various points in the building; inside the cavity, inside the ventilation unit
and in the ventilation ducts. The temperature inside the cavity is measured at 4 differ-
ent points on the south facade, 4 points on the east facade and 5 points on the west
facade. These sensors have been attached to the brick wall and shielded with alumi-
num foil (Figure 26). Ten temperature measurement instruments are installed for the
main ventilation system, and fifteen for the cavity system (Figure 25). Most of the sen-
sors are used to evaluate the performance of the system, but some are also used to
control its operation.
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GT13 f emperature an relative
9701 5701 \/\/\/\/= Fitter humidity sensors Iinside
Fan . GT13:2 ol Rotary heat
Fo 0 oigo E;Sl = exchanger the cavity resp. outdoor
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Figure 25. Schematic drawing of the measurement arrangements. (Article V)

All the sensors are connected to a Programmable Logic Controller (PLC) located in the
HVAC room in the attic. This is also connected to the city of Malmd’s overall monitoring
system for all public buildings. The temperatures are sampled and saved every minute.
The measurement values have been retrieved from the files kept by the city of Malmé.
The analysed monitoring period was from the 28" of October, 2013 to the 10" of Feb-
ruary, 2015 and the main focus was between the 7" of April, 2014 and the 10" of Feb-
ruary, 2015. The building was unoccupied during the whole measurement period ex-
cept for one week in August, 2014 (from 15" to 23" of August). Human behavior has
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therefore not influenced the building’s indoor climate or its energy balance. It is note-
worthy that the ventilation units have always been shut down at night.

Figure 26. Temperature sensor shielded with aluminum foil (left) [189]. The aluminum
foil from some sensors was removed for the measurements (right).

The building ventilation system (5701) control

Different monitoring sensors were used to measure the temperatures of the cavity and
thus control the operation of the building’s ventilation system (5701) and the cavity
cooling unit (5702). The sensors for monitoring the four main operation modes are
shown in Figure 27. The idea of the building ventilation system (5701) control is that
when the supply air needs heating, the outdoor air is passed through the cavity before
it is supplied to the ventilation unit. The different modes have been defined in the sys-
tem so that when the temperature of the sensors GT31 and GT32, located on the south
facade of the cavity, exceed 20 °C the outdoor air is taken directly from the north fa-
cade. When the same temperature points drop below 18 °C, the outdoor air is once
again passed through the cavity before entering the ventilation unit.
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Figure 27. Connection diagram of the detailed monitoring in Malmd case building.
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The cavity ventilation system (5702) control

The second ventilation system, 5702 also has different modes for heating and cooling
purposes (Figure 27). During heating periods, whenever the south facade has a higher
temperature than either of the other two facades, the facades’ temperatures are stabi-
lized by moving the air from the south-facing cavity to the other two cavities with a fan
(5702-FF1). The fan is switched on when the mean value of two temperature sensors
in the south cavity (GT21:1 and GT 21:2) is higher than the mean value of the two sen-
sors in the east or west cavity. (Article V)

During cooling periods (summertime), a fan (5702-TF1) located at the top of the vertical
concrete duct (Figure 22) starts to cool down the cavity when the mean temperature in
the upper part of any of the cavities is above 20 °C. It does this by passing the outdoor
air through the ground duct system before supplying it to the cavity. The fan stops
when the temperature drops below 18 °C. The supplied air passes through the cavity
and leaves through an exhaust fan (5702-FF2) or through the two cavity windows at
the top of the south facade, so it is not supplied to the building. The windows (Figure 22)
open when the outdoor temperature sensor located at the mouth of the concrete air-
intake duct is above 23 °C, and closes again when the temperature drops below 20 °C.
The outdoor air used in the building during the cavity cooling mode is supplied to the
building via the north facade (Figure 21). The temperature and relative humidity sen-
sors and their accuracy are shown in Table 11. (Article V)
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Table 11. Measurement instruments with range and accuracy

Company Measurement points Properties
Temperatures
Produal TEU PT1000 In the cavity/outdoor: 14 points Range -50°C to +50°C

Sensors: 5701-GT31, 5701-GT32, 5701-GT33,
5702-GT31:1, 5702-GT31:2, 5702-GT32:1, 5702-
GT32:2, 5702-GT33:1, 5702-GT33:2, 5702-GT34:1,
5702-GT34:2, 5702-GT35, 5702-GT36, 5702-GT41 | Accuracy +0.3°C (at 0°C)

Produal TEKY PT1000 In the ventilation unit: 4 points Range -50°C to +80°C
Sensors: 5701-GT11, 5701-GT12, 5701-GT21,
5701-GT22 Accuracy +0.3°C (at 0°C)
Produal TEK PT1000 In the cavity/in the ventilation ducts: 4 points Range -50°C to +70°C
Sensors: 5701-GT13, 5702-GT21:1, 5702-GT21:2,
5702-GT22 Accuracy +0.3°C (at 0°C)
Temperatures and relative
humidities:
Thermokon LC-FTA54/VS In the ventilation unit: 4 points Range 0to 100 % RH
Sensors: 5701-GT/GM11, 5701-GT/GM13, 5701- +3 % between 20
GT/GM21, 5701-GT/GM22 Accuracy -85%RH
Range -20°C...+80°C
Accuracy +0.5°C (at 25°C)
Thermokon FTK/VS In the ground duct system: 1 point Range 0to 100 % RH
+2 % between 15
Sensor: 5702-GT/GM11 Accuracy - 95 % RH
Range -20°C...+80°C

Accuracy +0.5°C (at 25°C)

Relative humidities

Schneider Electric SHO100 | In the cavity/outdoor: 4 points Range 010 95 % RH
Sensors: 5701-GM33, 5702-GM21, 5702-GM31, +2 % RH (at 20
5702-GM32 Accuracy °C)

Airflows
Calectro PTH-3202-DF In the ventilation ducts: 2 points Range -50 to +50 Pa
+1 % > 300 Pa,
Sensors: 5701-GF11, 5701-GF21 Accuracy +4 Pa <300 Pa

Before the modelling and calibration of the computer model, it was first verified that the
system was working according to the identified control modes of the studied building.
This was confirmed by comparing the temperatures measurements at the different lo-
cations. Also, building features like the envelope structures and the heating system
operation modes were evaluated on the spot. Some of these issues have been docu-
mented in the following publications [190, 191, 189].

3.3 IDA-ICE simulations

In this study, the simulations were used to assess the energy-saving potential of glazed
balconies. The starting point for the simulations was a detailed, level 5 (Table 2) cali-
bration arrangement with audited information and long-term monitoring data. Based on
these input data, the simulation model was calibrated using manual and graphical cali-
bration methods as described above in section 2.3.2. The energy-saving simulations
with the glazed balcony model consist of the model calibration (Article 1), sensitivity



88

analysis (Article II) and a reliability analysis of the simple method (Article 1V). The sen-
sitivity analysis and the reliability analysis of the simple method were themselves like
‘parametric studies’, whose prime objective was to demonstrate the key performance
indicators of the glazed balcony model, and their interdependencies. The subsequent
process of model calibration, a sensitivity analysis and a reliability analysis of the sim-
plified method was repeated three times, and each of these three models were up-
graded after each step. At the end of this process, the final models were formed and
their input parameters documented. In addition, calibration, sensitivity analyses and
reliability analyses with the simplified method were conducted with the models.

Due to the complexity of the Malmé building, there was no benefit to be gained from
performing a very detailed calibration. Nevertheless, in a technical sense, the Malmo
building has many similarities to a glazed balcony and is thus a good complementary
investigation for the glazed balcony studies carried out in Tampere. The meaningful-
ness of the Malmo6 building simulation as an additional study to the glazed balcony
simulation lies in the totally different overall solution (mechanically controlled DSF solu-
tion) compared to the glazed balcony solutions used in the Tampere studies (passively
controlled glazed balconies). The glazed balcony is, for example, occupied space, but
the cavity of the DSF in Malmo is used only for service purposes. The facades of the
Malmoé building are also totally covered with glazing, whereas the glazed balconies
cover only part of the building facades. In addition, the cavity of the DSF in Malmo is
connected to the building’s ventilation system (the ventilation supply ducts are con-
nected to cavity). In the Tampere study, the balconies are separate from, or only slight-
ly connected to the flat's ventilation system (in some cases the inlet vent of the me-
chanical exhaust ventilation is also in the partition wall between the living room and
balcony). Despite all these differences, the same simulation software and similar mod-
elling methods of the cavity spaces have been used for both buildings.

The R2, MPE and MAPE indicators have been used as statistical indices in the model
calibration, and ASHRAE Standard 14 [116] calibration criteria (Table 4) for MBE and
CV(RMSE) are set as a ‘goodness of fit’ indicators for the simulation. This means that
less than +10 % mean bias error and < 30 % error of variation of the root mean
squares are allowed. This thesis also utilises the Sl indices calculated in connection
with the Article Il sensitivity analyses, and the statistical analysis for the meaningful-
ness of the balcony temperature as a balcony performance indicator analyzed in con-
nection with Article IlI.



89

3.3.1 The balcony glazing simulations

The building subjected to the simulations (building F) is a typical Finnish, 1970s, 1+6
storey, prefabricated concrete block of flats. It has 3 stairwells and 54 flats (Figure 13).
Its construction is typical of 1970s blocks of flats in Finland [5] and is based on the
open-source panel system called BES [1]. The building is connected to the district
heating network and ventilated by a mechanical-exhaust ventilation system. The heat-
ing water is delivered to the building through hot water pipes, and the heat is distributed
with the help of free-standing radiators. The facades of the building were renovated in
2004, during which the windows and doors were replaced and glazing was installed on
approximately 50 % of the balconies. At the same time, the condition of the HVAC sys-
tem was checked and the ventilation system and radiator network were balanced. The
exhaust ventilation machine itself remained the same, but was equipped with a modern
timer control. (Article I, Article 11)

Table 12. The building-specific information about the simulated block of flats (Article 111).
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The U-value of the sandwich-type fagade panels is 0.29 W/m?°C and that of the win-
dows and doors is 1.2 W/m?°C (Table 12). The total heat transfer by conduction from
the flat to the adjoining balcony is actually relatively low (7.7 W/°C) compared to the
other monitored flats (Figure 13). The building’s exterior wall is dark red, the balcony
structures are mainly white but the back wall and floors are light grey. It is surrounded
by tall birch trees, which reduce the wind pressure and, most importantly, protect the
building’s southwestern balcony facade from the sun’s radiation. The overall tightness
of the glazed balcony is very high compared to the other monitored balconies. Other
building-specific information is described in Table 13. (Article | and II)
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Table 13. Apartments and balconies parametres.

Flat area

64m?

Number of inhabitants

2 pc.

Measured ‘normal’ flow rates through ventilation
vents (mostly)

Storeroom: 0.0017 m®/s, WC: 0.0047 m®/s, Kitchen: 0.011
m’/s

Measured ‘enchanced’ flow rates through ventilation
vents (Mo-Su: 6 - 9 AM, 11 AM-1 PM and 4-6 PM)

Storeroom: 0.0032 m®/s, WC: 0.0083 m®/s, Kitchen:
0.0223 m%/s

Location(climate condition)

Tampere( 61° 29' 53" N, 23° 45' 39" E), Finland

Orientation

South-West

Wind profile

Suburban

Balcony facade distance from the building in front

Mixed forest in front of the balcony facade

Apartment size (AaparTMENT)

Two-room flat, Aaparvent=64 m? and VaparTvent=166 m®

Balcony size (AsaLcony)

AsaLconv=6 m? and Vea.cony=16 m®

Apartment inside air temperature

23.3°C

Standard of equipment, number of residents and
apartment usage habits

According to the real situation inside the apartment (two
residents, electricity consumption 1,500 kWh/year)

Apartment type

Apartment runs from front to back of a building

Balcony type

Extended concrete balconies supported on frame walls

Building air change rate

Mostly 0.35 ACH, between 06:30-09, 11-13 and 16-18 0.7
ACH

Supply air inlet vents position

Two window vents

Glazed space unintended ventilation

1.1-2.2 ACH (monthly average)

Building air leakage coefficient (at 50 Pa pressure
difference)

0.88 ACH (at 50Pa pressure difference)

Heating capacity design of hot water radiators

According to current design in 1979

The heating system control curve position

According to current settings in the building

The heating system summer shut-off

No summer shut-off

Surfaces absorptivity (Balcony and external wall)

Mostly 0.22 (Balcony slab top side and external wall outer
side 0.3, balustrade outer side 0.4)

Surface emissivity (Balcony and external wall) 0.9

Specific heat capacity of balcony structures 900 J/(kg*K)
Lambda value of balcony structures 1.35 W/(m*K)
Density of balcony structures 2300 kg/m®
Window or balcony glazing blinds placement position | No blind

Wall properties (wall between apartment and balcony)

Awa=5.2 m? and Uwa..=0.3 W/m?°C

Window properties (wall between apartment and
balcony)

Awinoow=3.3 m?, Uwinoow=1.4 W/m?°C, gwinoow=0.55

Balcony door properties

Aboor=1.9 m?, Upoor=1.2 W/m?°C, gooor=0.55

Balcony glazing properties

AcLazing=6.3 m?,UcLazing=5.8 W/m?*°C, goLazin=0.82

Glazing-to-floor area ratio(AcLazing / AsaLcony)

1.05

Window and door-to-floor area ratio ((Awinoow+Apoor) /

AgaLcony) 0.87
Glazing-to-balcony glazing eligible arearatio (AcLazine
/ (AsaLcony waLL+ABALCONY SIDE WALLs TABALCONY FRONT WALL)) 0.26

The calculations for the two 64 m?2 flats of building F (Figure 28) included calculation
model verification and a case-specific evaluation of energy efficiency impacts by varia-
tion. The first phase involved comparing field measurements and simulation results and
its aim was to prove that the calculation accuracy of the IDA-ICE software is sufficient
for evaluation of the energy efficiency impacts of the balcony glazing. The second
phase included the evaluation of balcony type (integrated vs. extended balcony), orien-
tation, structures (especially balcony door, wall and window), and size, etc. and their
influence on the balcony glazing-related energy economy benefits.
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3.3.1.1 Validation study

Two vertically adjacent flats located in the middle part of the building, one of which has
a glazed balcony, were simulated by the IDA-ICE software. The data for the building in
the simulation were acquired from the architectural and structural drawings, one-off
measurements of the ventilation system operation and the flat's air-tightness, as well
as interviews with the residents. The location of the electrical equipment and the elec-
tricity consumption were determined by site visits. The investigations were carried out
in the flat with the glazed balcony, and the corresponding data for the other flat was
assumed to be the same, in order to standardize the indoor atmosphere conditions and
the use of the premises in both flats. For source information regarding the flat and use
thereof, see Table 13 and Figure 28. (Article I)
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Figure 28. lllustration of the simulated apartment. (Article 1)

The flats consisted of a living-room, bedroom, kitchen, indoor storage cupboard, toilet,
and entrance hall (Figure 28). They have been modeled in the same simulation model,
but separated thermally from one another by moving them apart (Figure 29). All the
rooms and balconies have been modeled separately with a detailed zone model (cli-
mate model) and the windows and balcony glazing with a detailed window model. In
this way, the IDA-ICE identifies the balcony front as an external wall and the partition
wall between the balcony and the living room as an internal wall. This means, in prac-
tice, that the wind pressure is directed at the external wall i.e. the front edge of the bal-
cony, and not to the partition wall between the balcony and the living room, as it is in
reality for an unglazed balcony.
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Mean air temperature, "C

Figure 29. Simulation model of the building with trees represented by bars of different
length.

The open section of the unglazed balcony and the openings of the balcony glazing sys-
tem (2-3 mm gaps between panes) were measured on site and modelled as openings
in IDA-ICE. The doors between the rooms were also modeled as openings (Figure 30),
but the air inlet valves of the windows were modeled as an air leakage path. The differ-
ence between the flow through an air leakage path and an opening is that the flow
through a leak only goes in one direction (outwards), whereas the flow in an opening
can go in two directions (inwards and outwards).

Glazed balcony

Opening
Detailed #ﬂ Sypptﬂ Climate
winclow alrr NMoLve zZone
Climate
structure . .
zZone Detailed window
(tight Truct CTight)
DD@HMQH structure iq
Unglazed balcony
r
| Supply Climate
Opening | air valve i
ggzzt@ Detailed window
H structure (tight>

Figure 30. Modeling of the balconies in IDA-ICE (left) and model view from the flat with
glazed balcony.
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The building has a hot water radiator system, which adjust the water temperature ac-
cording to outdoor temperature using the control setpoints of the building user (adjust-
ed according to a real control curve). The radiators sizes were measured on site, and
their power and flow rates calculated in accordance with the building’s power demand
when it was built. The building has an exhaust ventilation system, whose airflow was
measured on site and whose operation was scheduled according to known control set-
points. Internal thermal loads and schedules as well as radiators dimensions, flow rates,
and power requirements during the winter season are shown in Table 14.

Table 14. Internal thermal loads and schedules as well as radiators dimensions, flow
rates, and power requirements during the winter season.

Premise, Thermal
heat source | Schedule (winter period) load Unit
Bedroom
met/person (met=activity
people Mo-Su 10 PM-7 AM 0.7 level)
lighting Mo-Su 7-8.30 AM and 8.30-10 PM 60 w
equipment | Mo-Su 7-9 AM and 4-10 PM 15 W
Living-room
people Mo—Su 8-9 AM and 2-9 PM 1 met/person
lighting Mo—Su 8-9 AM and 4-9 PM 60 W
equipment | Mo—Su 8-9 AM and 2-9 PM 150 W
Kitchen
Mo-Su 7-7.30 AM, 12 noon-12.30 PM, 2.30-3 PM,
people 5.30-6 PM, 9.30-10 PM 1 met/person
lighting Mo-Su 7-9 AM and 6-10 PM 25 W
equipment | Mo-Su, 24 h 100 W
wcC
people Mo—Su 8-9 AM and 9-10 PM 1 met/person
lighting Mo—-Su 8-9 AM and 9-10 PM 25 W
Entrance hall
lighting Mo—-Su, 12 noon-6 PM 25 W
equipment | Mo—Su, 12 noon-6 PM 15 W
Storeroom
people Mo—Su 7-7.30 AM and 9-9.30 PM 1 met/person
lighting Mo-Su 7-7.30 AM and 9-9.30 PM 60 W
Radiators dimensioned according to norms valid in 1979
Location Flow rate, L/s Size, m2 Power, W
Living-room | 0.0067 450x1,200 850
Bedroom 0.0059 450x1,200 740
Kitchen 0.0067 450x1,200 850
wC 0.0016 300x700 200

The temperature and humidity data measured at the site during the period from 17%
July to 31 December, 2009 (approximately 5.5 months) were used in the simulation.
Any missing temperature, relative humidity and wind speed/direction data were ob-
tained from the Tampere/Pirkkala airport weather station and the solar radiation data
from the Jokioinen Meteorological Observatory.

The simulation studies were performed by comparing the actual air and surface tem-
perature values to the simulated ones using four different levels of detail in the model.
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The most detailed one was the simulation model with a detailed window (Detwind) and
a zone (Climate) model, while the most simplified one merely used a simple window
structure and a zone (Energy) model. The objective of the modelling was to make sure
that the difference between the simulated values and actually measured temperatures
does not exceed the MBE and CV(RMSE) criteria set by ASHRAE [116].

During the simulation, different error sources such as scenario error, building physi-
cal/operational uncertainty, model inadequacy and observation error were analyzed,
and the modeling method was further developed by ‘trial and error’. Scenario error in-
cluded an estimation of the errors in the outdoor weather conditions and building usage
or occupancy schedules. The analyses of the building’s physical/operational uncertain-
ty included an estimation of the errors in the building envelope properties, internal
gains and HVAC systems as well as operation and control setpoints. Model inadequacy
included estimation of errors in the modeling assumptions and in the simplification of
the model algorithm. The observation error was the final phase, and included an esti-
mation of the metered data accuracy. The analyses which were made during the mod-
el's development by ‘trial and error’ are described in detail in the results section of this
thesis.

3.3.1.2 Sensitivity analysis

After the model had been successfully validated, a starting point for the calculations
was made, named the ‘base case’ (Figure 31). It was produced by making slight
changes to the validated model and modifying its input parameters to represents a typ-
ical block of flats in Finland (Table 15). The ‘base case’ model (Article II) and the sim-
plified calculation (Article 1V) were made simultaneously with the building of the calibra-
tion model (Article I) so that the specific needs of all three reviews could be taken into
account during the calibration. It was also noticed that the sensitivity analysis and the
error analysis of the simplified calculations turned out to be an effective model devel-
opment method, as these analyses pointed out many inaccuracies arising from the
model having the wrong structure, or by a lack of modeling expertise on the part of the
users. Those evaluations are discussed in more detail in the results section.
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Figure 31. lllustration of the simulated flat called ‘base case’. (Article II)

The simulation with the ‘base case’ model began with the assumption that the building
lies on open terrain in a typical Finnish suburb in Helsinki. This was because new build-
ing appears to be concentrated increasingly on centres of urban growth, most of which
are in southern Finland [192]. The flat is a typically sized Finnish apartment [193], with
the most typical ventilation system (mechanical exhaust ventilation) [194, 195] and is
located in the middle part of the building. The chosen room temperature also repre-
sents the accepted design value, i.e. 21 °C [196]. (Article 1l and 1V)

The type of electrical equipment in the apartment, the inhabitants’ lifestyle habits and
the operation of the HVAC systems were adjusted to correspond to the Finnish national
calculation guidelines. The values in the guidelines are based on the number of resi-
dents (0.0357 pc./m?); lighting (11 W/m?); electrical equipment (4 W/m?); the hours the
residents spend in the flat; and the hours the lighting and electrical equipment are used
[196]. Thus, the values of the base case simulation correspond to the typical usage of a
flat in Finland [197]. The balcony structural solutions are typical for the concrete ele-
ment structures of 1970s block of flats while the openings of the balcony glazing are
adjusted to correspond to the typical opening levels of the systems installed in such
balconies. Other input data can be found in Table 15. (Article 1l and 1V)

Table 15. Base model input data table (bold text) and calculation variables of the sensi-
tivity analysis. (Article II)
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Helsinki, Tampere, Turku, Seingjoki, Jyvaskyla, Kuopio, Oulu, So-
dankyla, Stockholm, Gothenburg, Copenhagen, Oslo, Bergen, Reyk-
javik, Moscow, Saint-Petersburg, Munich, Frankfurt, Hamburg, Stutt-

1 | Geographical location(climate condition) gart, Berlin, Madrid, Barcelona, Geneva, Marseille, Paris, Dublin,
London, Shanghai, Ottawa, Toronto, Winnipeg, Vancouver, New
York, Chicago
2 | Orientation of balcony facade South, South-West, North-West, North, North-East, East, South-East
3 | Wind profile Suburban, City center, Open country
4 _Bak_:ony fagade distance from the build- No building in front, 15 m, 60 m, 100 m
ing in front
5 | Flat size (room number) Two (64 m?), One (45 m?), Three (83 m?)
6 | Room temperature 21°C,20°C,19°C,22°C, 23°C
7 Standard of equipment and number of According to Finnish building regulations, Regulation level -20 %,
residents Regulation -40 %, Regulation level +20 %, Regulation +40 %
8 | Balcony window U-value (A=3.3 m?) 2.8 W/m?°C, 2.1 W/m?°C, 1.8 W/m?*°C, 1.2 W/m?°C, 1.0 W/m?°C
9 | Balcony door U-value (A=1.9 m?) 3.0 W/im?°C, 1.9 W/m?°C, 1.4 W/m?°C, 1.2 W/m?°C, 1.0 W/m?°C
10 | Balcony wall U-values (A=5.2 m?) 0.4 W/m?°C, 0.29 W/m?°C, 0.28 W/m?°C, 0.24 W/m?°C, 0.17 W/m?°C
Protruding balcony (1.5 m), Protruding balcony (3.0 m), Recessed
11 | Balcony type (including depth change) balcony (1.5 m), Recessed balcony (3.0 m), Semi-recessed balcony
(1.5 m), Semi-recessed balcony (3.0 m)
12 | Width of balcony 4m,3m5m,6m,7m,8m

13

Amount of glass in the parapet and bal-
cony glazing

One side glazed (concrete balustrate), Two side glazed(concrete
balustrate), Three side glazed(concrete balustrate), One side
glazed(glass balustrate), Two side glazed(glass balustrate), Three
side glazed(glass balustrate)

Glazing type (single, double, triple glaz-

Single clear glass (untight structure), Single clear glass (airtight
structure), Double clear glass (untight structure), Double clear glass

14 ing) (airtight structure), Triple low-e glass (untight structure), Triple low-e
glass (airtight structure)
15 | Thickness of glazing 6 mm, 8 mm, 10 mm, 12 mm

Balcony covers the flat's exterior wall completely, Balcony covers

16 | Balcony's relation to exterior wall one-third of the flat's exterior walls

17 | Balcony vertical position of the building Middlemost, Highest, Lowest

18 | Balcony horizontal position of the building | Middlemost, Outermost
Mechanical excaust (0.5 ACH), Mechanical excaust (0.4 ACH),

19 | Building ventilation type (air change rate) | Mechanical exhaust (0.2 ACH), 50 % heat recovery ventilation, 75 %
heat recovery ventilation

20 | Supply air intake solution Directly from the outside, Through the glazed balcony

21 Unintended \_/entilation rate through 1.5-2.6 ACH, 2.8-4.9 ACH, 3.7-6.5 ACH

balcony glazing
22 | Openness of the balcony glazing Completely closed, 1 % (airing position), 2 % open, 8 % open, 15 %

(one pane open)

23

Building air leakage coefficient (at 50 Pa)

1ACH, 0.5ACH, 2ACH, 4 ACH

24

Designed heating capacity of hot water
radiators (at Sodankyla design condition)

Oversized 40 %, Oversized 20 %, Exactly sized, Undersided 20 %,
Undersized 40 %

25

Heating system control curve position (at
Sodankyla design condition)

Initial settings, Bottom value increased +4 °C, Increased +8 °C,
Bottom value decreased -4 °C, Decreased -8 °C

26 | Heating system summer shut-off June - August, No shut-off
TN . Hot water radiator heating system, Ideal heater, Underfloor water
27 | Building's heat delivery system . . )
heating system, Electric underfloor heating system
o8 Heat losses from the heat delivery sys- No heat loss, 10 % heat loss, 20 % heat loss, 30 % heat loss, 40 %

tem to the flat

heat loss

29

Specific heat capacity of balcony struc-
tures (J/kg°C)

880, 800, 1000, 1200, 1400, 1600

30

Lambda value of balcony structures

(W/m°C)

25,05/09, 13,17,21

31

Density of balcony structures (kg/m°)

2300, 500, 1000, 1500, 2000, 2500

32

Surfaces absorptivity (Balcony and exte-
rior wall)

0.95,0.9,0.8,0.6,0.4,0.2

33

Surface emissivity (Balcony and exterior
wall)

0.95,0.9,0.8,0.6,0.4,0.2

34

Blind in balcony glazing or window

No blind, Window external blinds, Window blinds between panes,
Window internal blinds, Balcony glazing internal blinds, Balcony
glazing external blinds
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A sensitivity analysis was conducted by making successive changes to the base case
(Figure 31), performing re-simulations and calculating Sl indexes after each step. The
analysis was used to determine the relative effect of each individual parameter on the
building’s heating-energy consumption and the balconies’ interior temperatures. The
analysis included 34 calculation variables, with from 2 to 35 calculation cases each.
The total number of calculation cases was 156 (Table 15). The variables were chosen
from parameters found in the literature review, which have an impact on the heating
energy-savings achieved by balcony glazing. The base case and the results of the
sensitivity analysis were used for the simplified method presented in Section 3.3. (Arti-
cle 1)

3.3.2 Added glazing simulation in Malmo

The building under study is a two-storey student house with four flats on the first floor,
where there also is a communal kitchen and a storage facility (Figure 32). The build-
ing’s floor area is 251 m? (V=565 m?3) and the flats vary in size from 16.7 m? to 27.9 m?,
The floor area of the cavity space is 28 m? and the air volume is 107 m? (glazing to
floor area is ~1.8). The U-value of the added vertical single glazing is 5.8 W/m?°C
(9=0.82) and that of the horizontal double glazing is 2.6 W/m?°C (g=0.62) (Table 16).
The red brick wall's U-value is estimated to be U=1.35 W/m?°C and its solar absorptiv-
ity 0=0.75. The time period used in the annual simulations is the year of 2014; from 1
of January, 2014 to 31%' of December, 2014 with hourly values. The climate files used
in the simulations are described in Section 3.1.2. (Article V)
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Figure 32. lllustration of the simulated building. (Article V)

The building’s dimensions and technical characteristics have been estimated by using
old and new drawings and verified by site inspection and supplementary measure-
ments during the previous [191] and current study. The ventilation airflows were meas-
ured with maximum, normal and minimum ventilation modes during the previous study
[189], and adjusted to correspond to the minimum ventilation mode, which was in use
during the monitoring period. If some parameters were difficult or impossible to verify
on site, the typical values presented from sources in the literature were used. The used
airflows are shown in Figure 32 and other key input parameters in Table 16. Additional
information about the building, the measurement arrangements and the monitoring
results can be found in the following publications [190, 191, 189]. (Article V)
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Table 16. Simulation model key input parameters. (Article V)

Location (climate condition)

Malmo, Sweden

Orientation

SE (30° from South)

Wind profile

City center

External obstruction

Some trees and buildings (see Figure 21)

Building size

A=251 m? and V=565 m®

Size of the cavity space

A=28 m?, V=107 m® and mean depth 0,75m

Air temperature inside flat

21 °C (system set point i.e. mainly during heating season)

Lighting and equipment

Lighting 11 W/m? and equipment 4 W/m? (in the first floor)

Number of occupants

0.0357 no./m?(totally 4.7 people), activity level 1.2 and clothing 0.85
(in the first floor)

Building ventilation type (air change rate)

Mechanical supply and exhaust ventilation with 82 % heat recovery
(0.5 ACH)

Supply air to ventilation unit

From the cavity or directly from outside (See Figure 24)

Building windows properties

U=1.1 W/m?°C, g=0.62, internal venetian blinds (gshading + window=0.2)

Cavity glazing (vertical)

Single clear glass, 8 mm, U=5,8 W/m?°C, g=0.82

Cavity glazing (horizontal = ceiling)

Argon-filled double glazing, U=2.6 W/m?°C, g=0.73

Air gaps of the glazing structure

Air gaps between glazing frames and basement as well as between
vertical frame structures and brick wall; mean distance 6.5 mm. Cor-
resbond to 1,6 air change per hour (ACH) in average (fluctuation 1.3-
2.5 ACH)

Building air leakage coefficient (at 50 Pa)

1 ACH

Heating system and heat delivery

District heating connected to hydronic heating system with radiators
(60/40 system)

Control curve position of the heating
system

According to current settings in the building [191]

Summer shut-off; heating system

No summer shut-off

Heat gain to zones from the heat distribu-
tion system losses

5%

Properties of the brick wall

Density= 2300 kg/m?, Lambda=0.7 W/m°C, Specific heat = 1050
J/ikg°C

Absorptivity and emissivity of the brick
wall surface

Emissivity=0.9, Absorptivity=0.75

Summer cooling air flow through cavity

150 I/s, both supply air via ground duct (TF1) and exhaust air via roof
fan FF2

Blinds of the added glazing structures

No blinds in the basic case

Used weather file

Available climate information about the Malmé/Lund from the year
2014. Assembling method is described in section 3.1.2.

The calibration simulation was done with the actual implemented solution during meas-
urement i.e. building occupancy and system control were set as in the real building
used in the study (without occupancy and with ventilation units shut down at night). The
locations and dimensions of the external obstructions such as trees and other buildings
were measured on site as accurately as possible. They were modeled as precisely as
possible (within the limits of accuracy set by the author's on-site evaluation and the
simulation model) to allow accurate prediction of the building’s external shading in the
calculation. These obstructions are shown in the model view of the Malmd case build-

ing (Figure 33).
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Figure 33. Outside view of the simulation model with external obstruction.
3.3.2.1 Calibration study

The suitability of the program for the simulation study was evaluated by comparing the
field measurement results to the simulations over three weeks, one in winter, one in the
summer and one in the spring. The temperatures in the cavity were used, as the cavity
was the most interesting part of the building for our purposes, and also the most diffi-
cult one to model. The purpose of the winter-week calibration was to adjust the heating
mode correctly, that of the summer week was to verify the operation of the cooling
mode, while the spring-week simulation demonstrated the overall behavior of the model.
The cavity control mode changed many times from winter mode (air supply through the
cavity) to cooling mode (air supply from outside) during this spring-week simulation.
The purpose of the calibration was to ensure that the IDA-ICE model behaved in a
qualitatively realistic way compared with the actual building. (Article V)

The model calibration was performed in the same way as for the balcony glazing stud-
ies, although it was not, in reality, as comprehensive because the results of the balcony
glazing studies were already available for some parameters (for example, the calcula-
tion time step, the zoning structure, the DSF modelling, etc. were done as in the balco-
ny study). A qualitative validation exercise (Article V) was designed primarily to sup-
plement the previous suitability analysis of the IDA-ICE software, and to expand the
simulations to capture the more complex renovation solution for the Malmé building.
This process furnished a much broader view of the subject matter. The parameter fit
was not made in connection with the calibration, but the overall level of the model’s
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accuracy was evaluated with ASHRAE calibration criteria [116] and its ‘goodness of fit’
confirmed with monitored and simulated temperature results. One striking challenge
when doing the IDA-ICE modeling in this study occurred when it was found that the
current software package did not include the possibility to connect an adjacent zone to
the ventilation unit (air supply from the cavity), nor was there any model to handle the
existing ground duct system. This meant that the air supply through the cavity was cap-
tured by placing an extra exhaust ventilation unit inside the cavity space and connect-
ing it to the attic ventilation unit. The ground duct system, in turn, was modeled as nine
small underground zones connected to each other (Figure 33). By doing this, the real
impact of the ground duct system could be treated to some degree.

The Malmé building was modeled with IDA-ICE 4.6 software and the double skin fa-
¢ade was modelled using a detailed window structure (Detwind) and a simplified zone
model (Energy). It was not possible to use the detailed climate model because the fa-
¢cade’s geometry was too complex. There is also a specially made DSF model in the
current standard IDA-ICE version 4.7 (it was previously available only in the expert
edition). This means that it is now simpler to implement a DSF in the building in the
further studies than it was with the method used in this study. There are some differ-
ences between the ‘manually made DSF’ and IDA-ICE DSF model. One is that the air
flow model is more detailed in the DSF model and that the ‘'manually made DSF’ has
edges that are not modelled in the DSF model. Other issues related to the model and
the modeling of the existing DSF building are discussed in more detail in the results
section.

3.3.2.2 Sensitivity analysis

After the calibration, the user-related energy figures, such as the number of occupants,
living habits and lighting and equipment usage were standardized using the Finnish
standardized reference values [196]. A total number of 63 calculation cases with whole-
year weather files (year 2014) were conducted, and the impact of the different glazing
and ventilation modes on the building’s energy demand and the summertime indoor
temperatures were analyzed. The purpose of the investigations was to evaluate how
effective the chosen renovation method was in terms of energy use and thermal com-
fort, and also to investigate other possible renovation choices with the IDA-ICE model.
The existing building and its two operation modes, as well as the final ‘developed’ cool-
ing solution with its particular properties (e.g. blinds) are analyzed further in the later
studies (Figure 34).
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Figure 34. The principal sections of the calculation cases.

The heating energy-saving studies (winter mode) included different amounts of glazing
(one, two and three glazed facades), various facade solutions (single, double and triple
glazing) and two air inlet modes (through the cavity space or directly from outside). The
summer-condition (cooling mode) studies included evaluations of: the cavity window
ventilation, the mechanical exhaust ventilation (FF2), the ground duct system (TF1)
and the internal and external blinds for the cavity glazing (shown in Figure 32 and Fig-
ure 35). The cavity cooling calculation cases were mainly chosen from the alternatives
that could realistically be implemented in the real building. The controls of the systems
also followed the actual designed set points, set by the building owner, and were kept
unchanged throughout the study to enable evaluation of the real building, as well. The
only exceptions to this principle were the blinds added to the front or back of the added
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glazing to cover the whole glazed facade all the time (always down during 365 days a
year) and depth variations for the ground ducts. The simulation analyses were made
with standardized living habits for the tenants, which was the only difference between
the calibration and simulation analyses. (Article V)
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Figure 35. The principal sections of the different DSF solutions with and without vene-
tian blinds.

3.4 The simplified calculation method

For the simplified method, 13 main parameters for the balcony and 5 main parameters
for the flat were chosen from the sensitivity analysis (Article 1I). The calculation coeffi-
cients, which depict the deviation from the base case, were derived by changing the
simulation parameters one at a time and by adjusting the results proportionately to
those of the base case. The proposed method is intended for calculating the heating
performance of individual glazed balconies during the preliminary stages of their design.
It can be used for all types of glazed balconies and in all situations in which the calcula-
tion factors are present and identifiable. The method does not take cooling into account;
thus the energy savings only denote the savings of heating energy. The reliability of the
method is discussed in Section 4.3. (Article V)

3.4.1 The calculation procedure

The simplified calculation is performed by multiplying the factors determined from Fig-
ures 36-39 with the base case values given in Table 17. Equation 7 provides the for-
mula for calculating the savings in heating energy and the temperatures of an individual
balcony, where X depicts the chosen variable (Esw, Exwh, Tmax, Tmin OF Tay). Equation 8
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is used to determine the average temperature difference (ATayg) as well as the mini-
mum (ATmin) and the maximum temperature differences (ATmax). (Article 1V)

X=MTi(a)* M (Bj)*Xbase (7)
Where
X = estimated variable in actual design situation (Ew, Exwn, Tmax, Tmin OF
Taw)
M = a symbol depicting product sequence
a = calculation coefficient for balcony deviation (-) (section 3.3.1.1)
B = calculation coefficient for flat deviation (-) (section 3.3.1.2)
i = the index for balcony deviation calculation coefficients (a,b,c,...,m)
j = the index for flat deviation calculation coefficients (1,2,3,4,5)
Xbase = the value of variable X for base case (Eopase, Exwh,base, Tmaxbase,
Thmin, base, Tavg, base) (Table 17)
ATavg :Tavg - Taverage outdoor temperature (8)
Where
ATay = temperature difference between the glazed space and out-

door air
Taverage outdoor temperature . = yearly average outdoor temperature of the city (Table 18)

If the desired calculation option is not directly represented in the figures (e.g. it is be-
tween the given factors), the value can be estimated with the help of the adjacent val-
ues, i.e. it is taken to be the average of two given values. The external shading (Figure
38), which prevents the fall of solar radiation on the facades, must be estimated on the
basis of the landscape in front of the balcony, i.e. a fully open terrain is represented
with the obstruction level of 0 % and a fully enclosed environment has an obstruction
level of 100 %. (Article 1V)

Table 17. Results from the simulation of the base case. (Article 1V)

Heating energy savings in base case
Percentual (Es,pase) 145 |%
Kilowatt-hourly (Exwhbase) 545 | kKWh

Balcony temperatures in base case
Maximum (T maxbase) 41.3 |°C
Minimum (T min, base) -11.1 | °C
Average (Tavg, base) 13.4 | °C

The location-based temperatures needed for the temperature difference calculations
(Equation 8) are given in Table 18. All location-based weather information has been
taken into account when the calculation factors were derived with the help of IDA-ICE,
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even though only temperature information is used in the simplified calculation. (Article

V)

Table 18.  The average, maximum and minimum temperature of the reference year
in different cities. (Article 1V)

Madrid Frankfurt Bremen Helsinki Jyvéaskyld | Sodankylé | Tampere
(ASHRAE | (ASHRAE | (ASHRAE |(ASHRAE |(ASHRAE |(ASHRAE |(ASHRAE
IWEC2) | IWEC2) IWEC2) IWEC2) IWEC2) IWEC2) IWEC2)
[°C] [°C] [°C] [°C] [°C] [°C] [°C]

Avg 14.6 10.2 9.2 6.0 3.8 03 4.6

Absol. 40.0 33.6 29.1 29.0 27.5 27.6 27.0

max

rAnti)rTOL 6.4 -10.9 11.8 227 31.2 38.8 29.0

3.4.1.1 Balcony deviations

The method takes into account the following differences in the balcony of the base
case (Figures 36-38):

Se e oo oo

3

Geographical location

Supply air solution (through the glazed balcony or directly from outside)
Balcony surface absorptivity (the balcony’s ability to store solar energy)
U-values of balcony window

U-values of balcony door

U-values of building exterior wall

Orientation of balcony facade

Balcony type (including depth change)

Width of balcony

Amount of glass in the parapet and balcony glazing

Glazing type (single, double or triple glazing)

Structural tightness of balcony glazing (rate of unintended ventilation)
Effect of external sun protection or shading.
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a) Building location

b) Supply air solution

c) Balcony surface absorptivity
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Figure 36. Graphs a-| for heating energy-saving calculations. (Article IV)
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c) Balcony surface absorptivity
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Figure 37. Graphs a-| for balcony temperature calculations. (Article 1V)
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m) Balcony temperature factors for shading m) Heating energy saving factors for shading
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Figure 38. Graphs m for heating energy saving and balcony temperature calculations.
(Article 1V)
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The simplified method takes into account the following differences with the flat in the
base case (Figure 39):

1. Position in the building (horizontal and vertical)
2. Size
3. Room temperature
4. Balcony's relation to exterior wall
5. Ventilation type and exchange rate
Top floor, kwh:
central flat Top flaor, 2 Flat si %
1, Flat position _edge flat ELBED max:
' kWh: 0.82 [ || min:
% 047 kwh: 1.0 | lryo-room| | ave:
max: 1.07 Studio, f 7 1.21 Mat. 64 m
min: 122 a5 m2 || Mmax 1.0 |IEELERTY | KWh
i ] 1 avg: 0.89 in: %:
Mid floor, 9 fa
central flat |1 [ o Mid floor, min:
kWh: 1.0 |10 O edge flat avg:
%: 1.0\ [FOlo O kWh: 0.98 T
max: 1.0 NmiG, 0 %: 079
min: 1.0 = o max: 1.0 21 <C
avg: 1.0 = min:  1.01 3. Room i:Wh: 1.0 max: 18
— L avg: 0.99 temperature %: 1.0 min: 1
Tl 0 _avg: 1.0
—— = 19 oC 22 oC
Ground floor, TP =y~ pe— . " |
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flat  |min: 0.89 . 004 20 56 23 <C
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—= min: 023 %:  1.01min: 1.01)% 094min: 0.97
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5. Building ventilation type (air exchange rate)
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Figure 39. Flat alteration possibilities. (Article 1V)
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3.4.2 Error analysis

In the first phase, the field monitoring results of Buildings D and F (Building 3 and 5 in
article 1) were compared to the IDA-ICE simulations. The purpose of the analysis was
to evaluate: a) how accurately the balcony’s temperature level can be simulated with
the base case model without taking into account any deviations from the base-case flat,
and b) how much the inclusion of those deviations will improve the results. In the sec-
ond phase, the IDA-ICE simulation results were compared to the simplified calculation
in 17 different cases. In this phase, the balcony properties in the simulation model were
modified to reflect the reality, but the flat was kept at default settings. The aim of this
study was to give an overview of the balconies’ temperature behavior and the savings
in heating energy in general, rather than that of one specific balcony in a building. In
the third phase, the flat's deviations were added to the IDA-ICE simulation model and a
total of 17 new simplified calculations and simulations were compared. In the simula-
tion model. The inclusion of the flats’ properties meant that the model flat was adjusted
to more closely match the real life situation. (Article 1V)
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4 Main results and discussion

4.1 The suitability analysis of the used evaluation methods

4.1.1 Balcony air temperature as a performance indicator

The analysis of the balconies’ temperature data began by looking at how well the dif-
ferent temperature variables, (e.g. balcony maximum, minimum and mean temperature)
and the temperature difference between the glazed and unglazed balconies correlated
with the energy savings. This was accomplished by analyzing the first balcony’s sur-
face and air temperatures in mid-winter, early spring and late spring. These inspections
were supplemented further by re-analysis of the simulations undertaken in the context
of a sensitivity analysis (Article Il). The purpose of the review was to ensure that the
balcony mean temperature and the temperature difference between the glazed and
unglazed balconies are meaningful energy conservation indicators i.e. those measures
correlate with real energy savings in statistical analysis.

4.1.1.1 Evaluation through temperature profiles

As noted in Chapter 1, previous studies have shown that the temperatures of the
glazed balconies are some degrees warmer than the outside air during winter time [13,
46]. This lowers the building energy consumption, if we can show that the increased
balcony air temperature also increases the surface temperatures of the balcony’s struc-
tures. If this happens, it would lead to a lower temperature difference between the in-
ternal and external surfaces of the structures, which would mean lower conduction
losses and, consequently, increased energy savings for the building. This means, in
practice, that the outer surface temperatures of the glazed balcony window, for exam-
ple, should be higher than the corresponding window surface temperature in the un-
glazed balcony. This was confirmed by drawing the temperature profiles of the glazed
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and unglazed balconies from the balcony wall, window and door at three different times
of the year, i.e. in mid-winter (January 26th), in early spring (March 14th) and in late
spring (May 16th). These ‘temperature profiles’ are shown in Figures 40, 41 and 42.
The temperatures shown in the graphs are the average temperatures of the building
elements, i.e. the window’s outer surface temperature, for example, is the mean tem-
perature of all the windows’ external surface sensors (Figure 16).
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Figure 40. The balconies’ temperature profiles in winter, early spring and late spring.
View from the section of external window

As can be seen from the graphs, the glazed balcony was clearly warmer than the un-
glazed balcony in the winter and early spring, but the temperature difference was hard-
ly noticeable the late spring. The temperature difference was most intense in mid-
winter and attenuated towards the spring. This shows that the main warming factor of
balconies has been the heat loss of the building, which is, in general, a fact in high lati-
tude during the winter season, with very low solar radiation levels and sunshine hours
i.e. during the Finnish winter.
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Figure 41. Balconies temperature profiles in winter, early spring and late spring. View
from the section of balcony door.

The figures also show the connection between the balcony air temperature and the
surface temperatures of the structures. This is clearly visible in the temperature graphs
from the 26" of January; window, door and wall surface temperatures are higher in the
glazed balcony than in the unglazed balcony. Graphs also show that the weaker the
thermal insulation of structure, the greater the temperature difference; the windows
external surface temperatures increased most with the weakest U-value from the build-
ing envelope structures and the wall surface temperatures increased least with the best
U-value. It is also noticeable that the better the U-value of the main structure, the
shorter the period when the effect of balcony glazing is observable i.e. the surface
temperatures in the structures of the glazed balconies are higher than the correspond-
ing temperatures in the unglazed ones. For example, the difference between the win-
dows’ external surface temperatures are also clearly visible in the early spring (Figure
40), although it is negligible between the external surface structures of the balcony
walls (Figure 42). This means that although the level of heat loss through the external
wall is very low in March, it is still considerable through the window.
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Figure 42. Balconies temperature profiles in winter, early spring and late spring. View
from the section of external wall.

The graphs also show that having a glazed balcony does not automatically result in an
overheating problem, because the temperature differences tail off in warmer weather,
and become almost non-existent in the late spring. In fact, in late spring there were
cases in which the temperatures in the flat with a glazed balcony were lower than the
temperatures in the flat with the unglazed balcony. This may be due to the different
lifestyle habits of the residents, i.e. the human factor. The residents of the flat with bal-
cony glazing preferred a lower inside temperature level than the resident of the flat with
the unglazed balcony, and thus set the radiator thermostats lower, which would explain
the lower temperatures inside the flat with the glazed balcony.

4.1.1.2 Evaluation through the temperatures of different balconies

The thermal performance analysis of all the monitored balconies confirm the findings of
the detailed measurements (section 4.1.1.1); the temperature level of the balconies rise
like a trend between the coldest (balcony 22) and the warmest (1 balcony) balconies in
Figure 43. The trend is clearly visible in mid-winter (e.g. on January 26") and most in-
tense during the solar radiation in the early spring (e.g. on March 14™). In the late
spring or in the early autumn, the temperature behavior was almost the same on the
balconies. The temperature difference between the coldest and the warmest balcony is
not as great in the summer, on average, as it is in the winter season, even though the
solar radiation could easily raise the balcony’s temperature uncomfortably high during
the hot summer days.
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Figure 43. Balconies’ measured temperatures at four different times of year. The letter
code A-K identify the buildings from oldest to newest and number code 1-22 the balco-
nies from coldest to warmest (1-17 are glazed balconies and 18-22 are unglazed bal-
conies).

It is also interesting to see the clear connection between the balconies’ temperatures
and their relative humidities (Figure 44). The difference between the relative humidity
level on the balconies was most apparent in mid-winter, when the temperature differ-
ence between the coldest and warmest balcony was greatest, and as could be ex-
pected, it was lowest in the summer season. For example, in January the relative hu-
midity level of balcony 1 was slightly more than 40 % and the relative humidity on bal-
cony 21 slightly more than 90 % (a difference of almost 50 %). There was one balcony
whose performance differed from the general trend, i.e. balcony 14. However, it was
established that this balcony’s glazing was kept partially open throughout the meas-
urement period, which explains the unexpected behavior.
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Figure 44. Balconies’ relative humidity levels at four different times of year. The letter
code A-K identify the buildings from oldest to newest and number code 1-22 the balco-
nies from coldest to warmest (1-17 are glazed balconies and 18-22 are unglazed bal-
conies).

4.1.1.3 Evaluation through statistical analysis

Earlier comparisons of the balconies’ air and surface temperatures clearly show that
the increased air temperature of a glazed balcony also indicates higher surface tem-
peratures inside that balcony. This, in turn, leads to the energy savings for the building,
but it does not directly reveal which temperature is best used as an indicator of actual
energy savings. For example, is it the balcony mean, maximum and minimum tempera-
ture? Or is it the difference between the balcony and the outside air maximum, mini-
mum and mean temperatures? Therefore, a statistical analysis was performed with the
simulation results of the sensitivity analysis (Article 1), and a correlation analysis was
performed between the energy savings and all of the above-mentioned temperature
data. The intention of this analysis was to evaluate, for example, how well the kilowatt-
hourly savings and the various temperature indicators describe the percentage energy
saving. The analysis was conducted with the results of the sensitivity analysis (Article I1)
and included 34 calculation variables, with from 2 to 35 calculation cases for each vari-
able. The total number of calculation cases was 156 (Table 15). The results of these
statistical analyses are shown in Tables 19 and 20.
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Table 19. The graph shows how well kilowatt-hourly saving and various temperature
indicators describe the percentage energy saving.

MBE |CV(RMSE) |MPE | MAPE

INDEX (X-Y) | REGRESSION R R2 (%) (%) (%) (%) MAX | MIN
KWh - % y=0.0078x + 9.4018 | 0.24 | 0.06 97.4 100.1 97 97 |1133] 107
Avg - % y = 1.4382x - 4.8253 0.76 | 058 5.8 22.0 5 13 8 | -19
Max - % y = 0.3992x - 2.9625 0.23 | 0.5 67.3 68.0 67 67 37 | 3

Min - % y=0.5667x + 19.4381 | 0.63 | 0.39 | 227.0 -229.5 199 300 [ -14 | -38
Avgdif- % |y=2.2609x +1.6449 | 045 | 020 | -157.6 172.2 -158 158 1 | -36
Max,dif - % |y =-0.0216x + 13.6239 | 0.01 | 0.00 -60.9 80.8 78 79 3 | 36
Min,dif- % |y =0.8988x + 6.8126 | 029 | 0.08 -82.2 96.6 -85 86 5 | 36

Table 19 shows that the correlation between the balcony temperature and the percen-
tual energy savings was the closest (R? = 0.58) of the studied correlations. There is no
clear correlation between percentual energy saving and the other temperature varia-
bles. Therefore, it is clear that from the studied correlation, the average temperature of
the balcony is the most suitable first indicator of percentual energy savings that can be
achieved by balcony glazing. Indeed, this value is well suited for the intended purpose
(R2=0.58), especially in situations where the temperatures of several balconies are
measured or evaluated with the same method (rule of thumb: the warmer the better).
Other studies have produced similar results. For example, reference [59] concludes
that the space temperature is a good performance indicator, because it reveals the
dominant pathways of heat gain and loss and gives an indication of the thermal buffer
effects and thermal comfort.

Table 20. The graph shows how well percentage saving and various temperature indi-
cators describe the kilowatt-hourly energy saving.

MBE |CV(RMSE) |MPE | MAPE

INDEX (X-Y) | REGRESSION R _|RE | (%) (%) (%) (%) MAX | MIN

% - KWh y = 7.4232x + 417.6951 | 0.24 | 0.06 | -3750.8 3855.2 3894 | 3894 | -107 | -1133
Avg - kKWh y = -9.6524x + 640.0926 | 0.17 | 0.03 | -3975.5 4088.1 4076 | 4076 | -102 | -1141
Max - KWh y = 13.9372x -55.3513__ | 0.26 | 0.07 | -1159.2 1195.5 1159 | 1159 | -75 | -1159
Min - kKWh y = -7.8409x + 434.5423 | 0.28 | 0.08 | 4991.1 5122.4 4660 | 6849 | -125 | -1162
Avg,dif - KWh |y = 91.949x + 37.6599 | 0.60 | 0.35 | -9818.2 | _ 10084.7 9832 | 9832 | -109 | -1148
Max,dif - KWh | y = 22.5925x + 328.8344 | 0.38 | 0.15 | -6095.7 6262.3 6588 | 6588 | -107 | -1148
Min,dif - KWh |y = 54.8775x + 112.6227 | 0.57 | 0.32 | -6915.9 7104.4 6954 | 6954 | -106 | -1144

However, the percentage energy savings do not directly describe the real benefits of
the glazing i.e. achieved kilowatt-hourly energy savings. To determine this, the surface
temperatures (to calculate the change in heat losses) or the actual heating energy con-
sumption (to calculate real changes in energy consumption) would have to be moni-
tored in both the glazed and unglazed balconies as well as in adjoining flats. However,
such verification is often difficult and time-consuming. In addition to this, such rankings
are not meaningful indicators of a balcony’s ‘goodness’, because monitoring surface
temperatures or real energy consumption is expensive, time-consuming and difficult to
implement on a larger scale. Simple air temperature measurements are much more
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practical in the real world. For this reason, it was decided to use the previous tempera-
tures as the indicator of the kilowatt-hourly savings and to calculate the correlation be-
tween them. Table 20, below, shows a statistical analysis of the correlation between
the measured temperatures and the kilowatt-hourly savings.

Table 20 shows that the correlation between the balcony temperatures and the kilo-
watt-hour savings (R?=0.00-0.58) is not as clear as the correlation between the balcony
temperatures and the percentual savings (R?=0.03-0.35). This is confirmed by compar-
ing the respective MBE (%) and CV (RMSE) (%) results in Tables 19 and 20. The bal-
cony temperature is the only indicator which shows a strong correlation with percentual
savings, and the only variable in Table 19 which fulfill the ‘goodness of fit’ criteria set by
ASHRAE (Table 4). In contrast to this, none of the parameters even came close to the
MBE and CV(RMSE) limit values ( Table 20) and neither did any of the temperature
indicators show a strong statistical correlation between the temperatures and the kilo-
watt-hourly savings (R?=0.03-0.35). However, the results of this analysis do show that
the strongest relationship (R2= 0.35) with the kilowatt-hourly savings can be found in
the temperature difference between the balcony and the outdoor air (Avg,dif). However,
the correlation between temperature difference and kilowatt-hourly savings is only a
good indicator if it is used together with the correlation analysis between percentual
energy saving and balcony temperatures. Only then will it further clarify the most ener-
gy saving balcony. However, it must be remembered that the temperature difference
between the glazed and unglazed balconies is a better indicator of the real energy-
saving effects of balcony glazing than the temperature difference between the glazed
balcony and the outside air. However, the calculation of the temperature difference
between the glazed and unglazed balconies was not possible in the field monitoring,
because we could not acquire an equivalent unglazed balcony for all the glazed ones in
the study in connection with Article Ill. As a result, we settled for using the temperature
difference between the balcony and the outside air to indicate a balcony’s ‘goodness’ in
this study. These results are then complemented with the measurements of the tem-
perature difference between glazed and unglazed balconies in those cases where we
had the necessary data.

4.1.2 Evaluation of the glazed balcony model

4.1.2.1 Calibration study

The calibration of the simulation model was carried out in four stages. First, the uncer-
tainty of the used climate file and flat usage was evaluated (Scenario uncertainty). After
this, the input data of the simulation was evaluated (Building physical / operational un-
certainty) and the simulation method was developed by ‘trial and error’ (Model inad-
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equancy). Finally, the observation error and the overall accuracy of the model was
evaluated by comparing the monitored and simulated data with each other. The results
of these reviews can be found in Tables 21, 22, 23 and 24. The model was generally
considered to be calibrated, when it met the ASHRAE Guidelines 14 [116] hourly cali-
bration criteria for CV(RMSE) and MBE (Table 4). This meant a lower than 10 %
(10 %) deviation from zero for the MBE value and a less than 30 % deviation for the
CV(MRSE) value.

Scenario uncertainty

The outdoor weather conditions in three of the Finnish Meteorological Institute’s meas-
urement stations in Tampere were evaluated in connection with Article 1ll. As a result of
this analysis, the Tampere-Pirkkala weather station was selected as the reference
weather for the study. Nevertheless, the measured temperature on site was used as
much as possible (Article 1). The on-site temperatures were measured with Vaisala
HMT 100 type sensors (RH/T sensors), which were protected against solar radiation
and precipitation by a special factory-made outdoors sensor guard (Figure 18). The
temperature and relative humidity data which was missing (measurement errors from
22" to 30" October, 2009 and from 8™ November to 2" December 2009) was obtained
from Tampere-Pirkkala weather station. The correlation between the Tampere-Pirkkala
reference temperature and the monitored outdoor temperature is examined in Table 21.

Table 21. Correlation between monitored air temperature on site (X) and outdoor
weather condition in Tampere-Pirkkala weather station (Y).

INDEX (X -Y) CVv
Y=REFERENCE MBE | (RMSE) | MPE | MAPE
X=SENSOR | WEATHER REGRESSION R R2 | (%) (%) (%) (%) | MAX | MIN
Outdoor, Tampere-Pirkkala y =1.0038x - -
101(C) (FMI) 0.2238 0.99|098| 3 23 -6 83 8.6 |12.2

The Table 21 shows that there is a very strong correlation (R2= 0.98) between the tem-
peratures, although there are still a few large deviations in the measurements (mini-
mum difference = - 12.2 °C), as Figure 45 clearly shows. The same graph also shows
that the Tampere-Pirkkala weather was generally colder and more variable than the
monitored outdoor temperatures on-site. This is probably due to either micro-climatic
factors, or errors in the on-site outdoor measurements (the effect of the sensor guards
is unclear). Taking all the errors into consideration, the on-site monitoring seems to be
more accurate for calibration than the recorded temperatures at the weather station
(which is why they are also used in the model calibration).
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Figure 45. Correlation between monitored air temperature on site (X) and outdoor
weather conditions recorded by the Tampere-Pirkkala weather station (Y).

Unfortunately there was no possibility to set up an on-site weather station to measure
the solar radiation and the wind conditions within the framework of this study because it
was simply too expensive. As a result, the missing wind speed/direction data were
supplied by Tampere-Pirkkala airport weather station for the period in question, and the
solar radiation data was obtained from the the Jokioinen Meteorological Observatory. It
is clear that the Tampere-Pirkkala airport open terrain wind profile differs from the wind
profile of a forest-sheltered block of flats in a suburban area. The yearly radiation level
also differs between the monitoring site and Jokioinen, and this might even occur on an
hourly basis, for example due to shadows cast by clouds. This means that the actual
weather conditions may deviate slightly from the simulation conditions on the IDA-ICE.
For example, the deviation on the yearly global radiation level is roughly 100 MJ/m?, i.e.
approximately 3 % annually. This statistic is taken from the climatological statistics of
Finland from 1981 — 2010 [178].

The building usage and occupancy schedules were evaluated by occupant interviews.
The flat with the glazed balcony was occupied by a retired couple who lived very regu-
lar lives and stuck rigidly to their daily/weekly routines. Despite this, the actual use of
the flat may occasionally differ from the modeling assumptions, for example, when they
had visitors. This building’s usage is difficult to monitor. There is no certainty that the
inhabitants have used the balcony glazing or the electrical equipment exactly as re-
ported, for example, so the model also includes a degree of uncertainty with regard to
the building’s use.
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Building’s physical/operational uncertainty

The factors related to the use of the building’s systems and their operation were evalu-
ated with one-off measurements. These included the internal heat loads of the flat, the
airtightness of the flat, the ventilation air flows and schedules and the settings of the
building’s heating system. These evaluations, along with some regular remote monitor-
ing, showed that the operational control of the flats’ ventilation and the settings of the
building’s heating system were pretty constant throughout the monitoring period. How-
ever, one-off measurements cannot guarantee that the systems functioned in accord-
ance with their set values or that there were no errors in the control of these systems..
Furthermore, the pressure can changes according to external wind and temperature
conditions, which may result in errors in the flat's air change rates. These factors could
not be taken into account in the model (wind conditions and the flat pressure conditions
are not measured). Therefore, there is a degree of uncertainty in the modelled flat con-
ditions.

The properties of the exterior walls were evaluated on-site and the dimensions of the
concrete and thermal insulation layers were measured. However, the quality of the
concrete, and the thermal insulation, are unknown. The specifications for the windows
and doors were acquired from the manufacturer. These included the overall perfor-
mance information about glass combinations with gas fillings, but did not include the
optical and thermal properties of each separate pane. They were assessed using the
Pilkington glass catalogue. However, the greatest uncertainty comes from the air gaps
in the balcony glazing systems and the air flow through them. Even though the gaps
were measured separately on-site and modelled as precisely as possible, the realistic
behavior of the model in relation to air movement cannot be definitively confirmed, be-
cause the wind conditions and the air exchange rate between the balcony and the out-
side air were not measured on-site. The same uncertainty applies to the ventilation air
valve in the window between the balcony and the living room. In the model, it was ad-
justed to the minimum flow to decrease the uncertainty of the flow between the balcony
and living room, but the exact magnitude is not known. This means that there may be
slight fluctuations in the air flow between the balcony and the apartment in the real flat
and in the model.

Model inadequacy

There are basically three kind of errors in building simulations compared to the real
thing; 1) modeling assumptions, 2) simplifications in the model algorithm and
3) ignored phenomena in the algorithm. The errors in relation to the first of these are
discussed in this section. The second and third error sources are related either to er-
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rors in the simplifications of the model or ignored phenomena in the model. Those can
be, for example, a) lack of heat transfer to and from the ground, b) wrong evaluations
in leakage levels c¢) 100 % mixing in a zone temperatures (no temperature stratification),
d) the lack of 2D and 3D heat transfer in the building envelope, etc. There are also er-
rors due to scaling parameters, such as the calculation of the time-step, calculation of
the grid size in the walls, the level of detail in the solar radiation model, the level of de-
tail in the longwave radiation model, etc. Some of these uncertainties, which relate
largely to the features of the IDA-ICE program, have already been discussed in Section
3.3.

A lot of the focus in this study has been on the IDA-ICE simulation and the choice of
modeling method. In this regard, a lot of different simulations were conducted and the
modeling method was carefully developed by ‘trial and error’. The aim of the simula-
tions was to evaluate the impact that increased accuracy has on the model. After each
simulation, the better or best fitting’ option was chosen as the input data or as an as-
sumption for the subsequent simulation studies. Some of these choices are described
below.

Previous studies show that knowledge of a real building’s performance data is more
important than the number of zones used in simulations. For example, in the simulation
with actual electricity consumption and internal heat loads data, there wasonly a 1 %
difference between the simulated and monitored energy consumptions using seven
zones (one for each floor of the building) and this small difference virtually disappeared
when the number of zones was increased to 37 (one zone for each flat) [198]. Despite
the fairly insignificant effect it has on the simulation’s accuracy (and the high impact it
has on the simulation time) the flats in our study were modelled room by room. There
was a practical reason for this; the room-specific zoning structure allows room-specific
information to be imported into the model. The hot water radiators was also modelled
separately, as suggested in [199] and the ventilation airflows were adjusted room by
room.

A dynamic simulation with a 14-period start-up process in the calibration study, and a
seven-period start-up process in the sensitivity analysis, were used in the simulation.
The start-up-phase preceded the main simulation phase. It is a process in which the
thermal mass of the building structures, for example, are adjusted to correspond the
real starting point of the experiment [199]. A periodic start up process seems to be ac-
ceptable [199] for a yearly simulation, but a dynamic start-up process is recommended
for shorter calibration periods. The maximum time-step in the simulation was 1h, and
the results were reported in a similar manner. The number of cells in each wall was set
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automatically to avoid having to use the IDA-ICE advanced level in the sensitivity anal-
ysis (it is much easier to do model changes in sensitivity analysis at the standard level).

Zoning the building began with room-by-room modelling of the building (Figure 46), but
this was changed to flat-level modelling after the test simulation. This was because of
the length of the simulation time, and the high number of unknown parameters (only
one flat's usage was known). It was also noticed that the general accuracy of the model
is better when it is limited to those parts of the building whose input data is known. This
limits uncertainty about the thermal behavior between flats and errors about the flats’
usage.

The final model includes one detailed flat model, where all the rooms were modeled
separately (Figure 46). In this model, the heat losses are limited to the envelope struc-
ture, which is in direct contact with the outdoor air i.e. two sides of the balcony’s vertical
structures (glazing and parapet) and one side of the kitchen and the bedroom walls
bordering the outside air (Figure 46). In other situations, it is assumed that the tem-
perature on one side of the structure is the same as the temperature inside the struc-
ture (heat transfer does not occur). The doors between the rooms were adjusted to
correspond to the most common use of the flat i.e. the walk-in-closet and toilet doors
were closed and the other rooms were open (Figure 47).
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Figure 46. The building was modelled first zone by zone (higher picture), but then it
was decided to limit the model to the apartment level (lower picture) after the first sen-
sitivity analysis.

The only difference between the simulation of two studied flats and the real building
situation (in addition to the identical usage) was that the flats were placed one storey
apart in the simulation as this removed the heat transfer between the flats. However,
the unglazed flat was not intended to represent the real flat with the unglazed balcony,
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but only to act as a contrasting reference to the flat with the glazed balcony (both flat
usages were adjusted according to the flat with the glazed balcony). This allowed the
benefits of balcony glazing to be compared directly with the IDA-ICE.

In addition, the effect of two different window and zone models was evaluated with the
IDA-ICE and the results are presented in Table 22. These show that the calibration
criteria of the ASHRAE for MBE and CV(RMSE) were fulfilled with all the model combi-
nations. The correlation between the monitored and simulated air temperatures was
excellent (R? = 0.99) in glazed and unglazed balconies and good (R2 = 0.82) in the flat
with glazed balcony.

Table 22. Correlation between the measured air temperatures and those obtained by
simulation with differently detailed models.

INDEX (X - Y) Y]
REGRESSION| R | Re | MBE| rmsg) | MPE | MAPE | s | MIN
_ . (%) (%) (%)
X=SENSOR | Y=SIMULATION (%)
y =0.9948x +
EnergyMod, DetWin | 0.1027 0.99 | 099 | -1 9 0 23 85 | -3.2
y = 0.9995x -
Glazed | ¢jimateMod, Detwin | 0.0709 099|099 | 1 9 2 26 | 87 | -30
balcony ’ - - - - -
105(C) E_nergyl_\/lod, y =0.9988x +
SimpWin 0.1257 099 | 099 | -1 9 0 23 85 | -3.2
y = 1.0033x -
ClimateMod,SimpWin | 0.0507 099 |099| 0 9 1 26 87 | -30
y = 0.995x -
EnergyMod, DetWin | 0.1168 1.00 | 099 | 2 10 -8 28 6.0 | -1.4
y =0.9953x -
%r;?(':zzn‘;d ClimateMod, DetWin | 0.1198 1.00 | 099 | 2 10 -10 30 6.0 | -1.4
109(C) E_nergyl_\/lod, y = 0.9956x -
SimpWin 0.111 1.00 | 099 | 2 10 -8 28 6.0 | -1.4
y = 0.9959x -
ClimateMod,SimpWin | 0.1142 1.00 | 099 | 2 10 -10 30 6.0 | -1.4
y=0.7667x +
EnergyMod, DetWin | 5.8466 091 |082]| -2 2 2 2 11 | -14
Flat (with y = 0.7846x +
glazed | ClimateMod, DetWin | 5.4315 091|083 | -2 2 2 2 11 | -13
balcony), | EnergyMod, y=0.7978x +
107(C) | SimpWin 5.1425 091 |082]| -2 2 2 2 11 | -15
y =0.8147x +
ClimateMod,SimpWin | 4.7485 091 |083] -2 2 2 2 11 | -14

There did not seem to be any clear difference between the different models, even
though the background information outlined in section 2 suggests that the most accu-
rate results should have been achieved with the detailed window (Detwin) and zone
(climate) models. There are at least two explanations for this: 1) the glazed balcony
contains so little glazing on only one side of the balcony that the simple window and
zone model are capable of producing as reliable results as the detailed window and
zone model, and 2) there is so much uncertainty in the model that the difference be-

tween the model algorithms is lost among the other uncertainties. However, the valida-
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tion studies (Table 6) do indicate that detailed models are recommended, so they are
taken as a starting point for further studies.

Observation error

There were visible monitoring uncertainties in the study. Most of these uncertainties
were related to the solar radiation and external obstructions. There are a lot of trees in
front of the balcony, and the balcony structures were relatively sheltered (only the front
side of the structure between the parapet and the balcony ceiling was open), so it was
decided to use unprotected temperature sensors (Figures 15 and 18). However, these
were placed all over the balcony, and some of the higher ones were probably baked by
the sun. Thus, it was possible to evaluate the effect of direct solar radiation by compar-
ing the monitored temperatures between those sensors which were shaded from sun
with those which were exposed to the sun. The inner surface temperature monitoring
was also conducted on the same principle. In this case, the warming effect of the hot
water radiator had to be avoided in the internal surface measurements, in contrast to
the solar radiation which had to be avoided for the external surface sensors (the real
surface temperature had to be measured without the effect of the radiator). The shad-
ows thrown by the trees in front of the building fagade were measured as accurately as
possible by direct observation and placed in the model according to the architect’s orig-
inal planting plans, but, of course, there are some uncertainties about the shading ef-
fects of the trees. For example, the trees are not necessarily the same size as they are
shown to be in the planting plan and they may not have been planted precisely in ac-
cordance with the plan, and there is also the difficulty of the trees shedding their leaves
in the autumn.
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Table 23. Correlation between the measured and simulated temperatures in the flat
with the glazed balcony.

INDEX (X -Y) : cv
Y= SIMULA- RESCngS ’\ZI(Z)E (RMSE) I\ZI(;))E M&SE MAX | MIN
X= SENSOR TION R R? (%)
upper, y = 0.9918x
Window, | 111(C) | ClimateMod, |+ 0.5966 0.96 | 0.92 -2 3 -2 2 3.1 -2.4
internal lower, DetWin y = 0.8531x
117(C) +3.7794 0.96 | 0.91 -3 4 -3 4 5.3 -2.5
) upper, y = 0.9786x
Win- 116(C) | ClimateMod, |+ 0.5228 0.99 | 0.98 -2 11 1 10 15.8 | -3.9
dow,exte L
rnal lower, DetWin y = 0.8993x
118(C) +2.0629 0.99 | 0.97 -8 17 -3 22 16.2 | -4.4
lower, y = 1.1809x
Door, 114(C) | ClimateMod, |-3.6849 0.97 | 0.93 -1 3 -1 2 2.0 -2.9
internal | upper, DetWin y =0.912x
115(C) +2.498 0.96 | 0.91 -3 4 -3 3 5.3 -2.7
lower, y = 0.8489x
Door,ext | 112(C) | ClimateMod, |+ 3.7756 0.99 | 097 | -23 30 -17 122 209 | -6.9
ernal upper, DetWin y=1x+
119(C) 0.2357 0.99 | 0.98 -2 10 0 20 10.5 | 4.0
lower, y =0.5783x
Wall, 113(C) | ClimateMod, |+ 11.0018 0.96 | 093 | -10 10 -10 10 -0.7 -5.1
internal | upper, DetWin y =0.5781x
120(C) +10.7051 0.97 | 0.95 -7 8 -7 7 -0.3 | -3.8
upper, y =1.0135x
Wall, 203(C) | ClimateMod, |+ 0.8927 1.00 | 099 | -10 13 -8 19 15 -3.8
external lower, DetWin y = 0.9795x
204(C) +1.3502 1.00 | 099 | -12 14 31 69 1.2 -3.8
upper, y = 1.0059x
205(C) - 0.3758 0.99 | 0.99 4 13 -9 77 9.3 -3.5
Balcony upper, _ y = 1.0033x
. 217(C) | ClimateMod, |-0.2791 1.00 | 0.99 3 12 1 54 8.5 -3.5
glazing, - —
internal lower, DetWin y=1x-
218(C) 0.1794 1.00 | 0.99 2 11 55 109 7.3 -3.5
lower, y = 0.9986x
219(C) - 0.2083 1.00 | 0.99 3 12 116 226 8.9 -3.5
upper, y = 1.0009x
220(C) - 0.1076 0.99 | 0.99 1 12 -15 72 8.8 -3.6
Balcony upper, _ y =1.0027x
glazing 206(C) Chmatel\_/lod, -0.0314 1.00 | 0.99 0 12 4 55 7.8 -3.7
externai lower, DetWin y = 0.988x
207(C) +0.301 1.00 | 0.99 -3 13 -12 38 7.9 | -13.0
lower, y = 0.9965x
208(C) +0.136 1.00 | 0.99 -1 12 -5 57 7.1 -3.7

Despite the uncertainties, most of the sensors (18/20) in Table 23 fulfilled the ASHRAE
calibration criteria for MBE and CV(MRSE). Two sensors did not meet the calibration
criteria (sensors 112 and 204) but these were both external surface sensors placed to
the lower part of the structures (at the bottom part of the balcony door and wall). In
general, the correlation between the monitored and simulated temperatures was better
with the sensors for the upper parts of the balcony structures than it was for the sen-
sors on the lower parts. This confirms that there are uncertainties, especially with the
sensors on the lower parts of structures. These uncertainties are related to the solar
radiation on the external surface sensors, and the effect of the radiators on the internal
surface sensors. In addition, there are uncertainties about the properties of the doors
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and windows, because there was no detailed information about the structures’ pane-
specific properties. This is the most likely cause of the large maximum errors between
the measured and simulated external surface temperatures for the doors and windows
(sensors 116, 118, and 120, for example). Nonetheless, the surface temperatures of
the glazed balcony and its adjoining flat correlate really strongly with the simulated val-
ues; there was =0.97 correlation for the external surface sensors and =0.91 for the in-
ternal surface sensors. The ‘goodness of fit’ for the monitored and simulated glazed
balcony and flat surface temperatures is good overall, and the model can thus be re-
garded as a ‘calibrated model'.

Table 24. Correlation between the measured and simulated temperatures in the flat

with the unglazed balcony.

INDEX (X -Y) CVv
Y=SIMULATIO | REGRES- MBE | (RMSE) | MPE | MAPE
X=SENSOR N SION R R? (%) (%) (%) (%) MAX | MIN
lower, y = 0.4952x
Win- 137(C) +10.0843 0.44 | 0.19 6 12 6 8 129 | -34
dow, | middle, ClimateMod, |y=0.8721x
inter- | 139(C) DetWin +2.1421 0.76 | 0.58 3 7 3 5 12.6 | -3.2
nal upper, y = 0.9483x
140(C) +1.1424 0.89 | 0.79 0 5 0 3 10.7 | -3.6
lower, y =0.978x -
Win- 131(C) 0.2243 0.98 | 0.97 5 19 3 26 17.0 | -3.2
dow ex middle, ClimateMod, |y =1.0159x
' 132(C) DetWin -0.9112 0.99 | 0.97 8 18 -15 58 154 | -2.7
ternal
upper, y =1.0511x
133(C) -1.4274 0.99 | 0.98 9 17 8 30 158 | -2.6
Door lower, _ y =1.1248x
inter-‘ 216(C) C||mateMod, - 3.6081 0.92 | 0.85 4 5 4 4 4.5 -3.5
nal upper, DetWin y = 0.7794x
215(C) +4.9887 0.91 | 0.82 -1 5 -2 3 12.0 | -34
upper, y = 1.0447x
Door,e | 214(C) ClimateMod, |-1.3744 0.99 | 0.98 9 17 -3 64 12.9 | -39
xternal | lower, DetWin y = 0.8816x
122(C) +1.4582 0.98 | 0.96 -5 28 -12 88 32.0 | -6.0
middle, y = 0.6084x
138(C) +9.1706 0.53 | 0.28 -1 4 -1 4 1.8 -2.6
lower
Wall (mon.), y = 0.4683x
interi 209(C) CIimateMod, +11.8607 0.95 | 0.89 4 6 3 5 3.1 -3.6
nal upper, DetWin y =0.4891x
210(C) +12.8068 0.94 | 0.88 | -10 11 -10 10 15 -5.4
lower =-
(rad.), 0.4083x +
213(C) 32.8326 0.48 | 0.23 3 9 3 7 4.6 -3.3
lower, y =1.0116x
wall 134(C) -0.4102 1.00 | 0.99 4 10 30 61 7.4 -3.6
exter’- middle, ClimateMod, |y =1.007x -
135(C) DetWin 1.0045 0.99 | 0.98 10 19 2 48 12.6 | -2.6
nal
upper, y = 1.0356x
136(C) - 0.7636 1.00 | 0.99 5 13 4 54 59 | -18.6

Although the model of the flat with the unglazed balcony was not calibrated to match
the actual internal loads of the real flat, the correlation analysis with the monitored and
simulated surface temperatures of this flat confirm the conclusions drawn from the flat
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with the glazed balcony. The results also worked as expected, i.e. they confirmed the
previous findings. The results were surprisingly good, considering the ‘false’ input pa-
rameters, because all of the sensors (17/17) fulfilled the ASHRAE calibration criteria for
MBE and CV(MRSE) in this case (Table 24). The weakest correlation was achieved
with the sensor located on the lower part of the unglazed balcony door’'s external sur-
face (Table 24), as it was in the glazed balcony (Table 23). This confirms that the ther-
mal insulation level of the opaque part of the door is not defined clearly enough, or that
the IDA-ICE does not model this part of the door correctly. Those uncertainties are also
apparent when looking at the maximum errors; the highest maximum deviations are
also in the door and window external surface temperatures. On the whole, the correla-
tion between the monitored and simulated external surface temperatures was really
good (R? = 0.97 to 0.99), although the flat usage was not calibrated accordingly. Per-
haps the effect of ‘poor’ adjustment of the internal thermal conditions was mainly lim-
ited to the internal surface sensors, because their correlation with the simulations was
clearly lower (R? = 0.19 to 0.89) than in the case of the glazed balcony (R2=0.91). How-
ever, the results show that even this model can be considered as a ‘calibrated model’,
because the ASHRAE calibration criteria have been fulfilled. On the other hand, this
also confirms that the calibrated model can ‘tolerate’ quite a lot of uncertainty.

Conclusion

Both the theoretical and practical suitability analyses suggest that IDA-ICE 4.6.1 soft-
ware is well suited for balcony glazing studies. The highest modelling accuracy can be
obtained using a detailed window structure (Detwind) and a zone (Climate) model. The
importance of having a detailed simulation increased when the amount of glazing in-
creased or the amount of external shading decreased. In general, the balcony tempera-
ture was 0.2 °C lower with the most detailed modelling method (climate model and de-
tailed window) than with the simplest modelling method (energy model and simplified
window), which led to 0.8 % lower heating energy-savings for the balcony glazing. The
results also showed that the wrong input parameters can have as significant, or even
greater, an impact on the results than the differences between the level of detailing in
the models. For example, a 0.1 change in the absorption coefficient has a greater ef-
fect on the calculation results (difference 0.28) than changing the model from the de-
tailed one to the simplified one (0.2). (Article 1)

Future work

When planning similar calibration studies, special attention should be paid to the selec-
tion of the measurement site, which should favour simple measurement cases rather
than complex ones. Another valuable tool would be a small-scale weather station on
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site. This should be able to measure wind speed, wind direction and air pressure as
well as global horizontal radiation, direct normal radiation and diffuse radiation. One
problem with our study was the degree of uncertainty caused by the weather data. For
example, the solar radiation data was collected about 100 km away from the test site,
while the wind data and some of the outdoor temperature and relative humidity values
came from 20 km away. A third issue was the unshielded surface-temperature sensors
warming up under direct solar radiation, causing errors in the calculation results. This
could be avoided in future by using shielded and mechanically ventilated surface-
temperature sensors. The fourth issue that arose in our study was the importance of
measuring the thermal conductivity of the structures and surface absorption coefficients
accurately. In this study, the material U-values were determined by measuring the
thickness of the balcony structures, but then using the lambda values from the litera-
ture to calculate the thermal conductivities. The material properties of the windows and
doors, and hence their U-values, were also taken from the manufacturer’s product in-
formation. Therefore, there is no absolute certainty about these inputs. The fifth point is
the uncertainty about the balconies’ airtightness, and the real airflow through the bal-
cony glazing and air inlet vent in the back wall of the balcony. Long-term on-site meas-
urements need to be taken to get a better understanding of the operation of the ventila-
tion system in different wind conditions, and a more accurate picture of the air flow from
the outside to the apartment through a glazed balcony. Sixth, it was very hard to model
the trees accurately in the IDA-ICE program, for example, do the shading effects of the
mixed forest vary significantly in winter and summer (deciduous trees shed their leaves
in the autumn). In the future, it would be better to select a more open calibration site in
order to avoid uncertainties about the external obstructions in the IDA-ICE. The final
source of uncertainty is, of course, the human element. It is very difficult to track the
activities of the inhabitants inside the apartment, and one has to rely on their reported
behaviour. Therefore, one option would be to validate the simulation model without the
residents present. (Article I)
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4.1.2.2 Sensitivity analysis

After calibration, the focus of the simulations changed slightly. The purpose of the
modelling was no longer to exactly reproduce the specific conditions on site, but rather
to assess the potential of balcony glazing from an energy-saving point of view. For this
reason, both the simulation model and its input parameters were slightly changed to
better fit the purpose of the sensitivity analysis. In this way, the key performance indica-
tors of the glazed balcony and their energy saving potential were analysed and com-
pared to the outcomes of the literature review (Section 2.4) and the field monitoring
results (Article I11).

Figure 47. The simulation view of the models used in the calibration (left) and the sen-
sitivity analysis (right). The dimensions of the living room and the openness of the in-
ternal doors were changed after the calibration, as were a few other input parameters
in order to conduct simulations which were more suitable for a sensitivity analysis.

The key differences between the calibration and sensitivity analysis models related to
the dimensioning of the living room (Figure 47 and 48), changing the flat's two fagades
exposure to one facade exposure for external climate (only the balcony is exposed to
the external climate after this modification), and standardising the building’s systems
and their use. Other changes included relocating the building to Helsinki and placing it
in an open terrain (no trees in front of the building). Also, the balcony’s two-sided ex-
ternal climate connection was changes to three sides (as if there were no adjacent bal-
cony) and the climate-based wind pressure was replaced with a constant airflow (the
effects of the wind can be better controlled). Furthermore, the supply air valve of the
building’s exhaust ventilation unit was moved away from the balcony window and
placed on an external wall of the building (an air inlet through the balcony would distort
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the results in a sensitivity analysis). The flat's internal doors were set at closed (re-
duced air circulation between the rooms and speeds up the simulation) and finally, the
balcony window, door and external wall properties were updated to better represent the
original structures of 1970s blocks of flats. Some of these changes are shown in Fig-
ures 28 and 31, and in Tables 13 and 15.

H [H

Figure 48. Simulation model in the sensitivity analysis

The above-mentioned changes were made to the model both for technical modelling
reasons and to make the results more generalisable. The technical modelling reasons
were, for example, to allow all the calculation cases to be done with the same model in
order to better assess each parameter’'s impact. The reason the results had to be gen-
eralizable was because they would be used to set a calculation ‘base case’ for the ar-
chetypal Finnish flat. This would be useful in two ways: a) it would minimize the number
of changes that would need to be made to the ‘base case’ in simple calculations (Arti-
cle IV) and b) it would act as a ‘baseline for energy saving’ with respect to the ongoing
renovation of Finland’s late-20th-century housing stock. That is also why so much at-
tention was also paid to the technical aspects, which have impact on the energy saving
potential of balcony glazing, such as the structures having weaker U-values, tighter
glazing solutions or dark paint (the ‘base case’ itself represents typical renovation solu-
tions used in practice) . The U-values of the structures were set to represent typical
1970s structures, the glazing tightness represents what is considered to be ‘good’ in a
1970s buildings (which are very good, in general) and the dark paint gave the struc-
tures a lambda value of 0.95. In this way, the base case is, in principle, a likely candi-
date for a Finnish balcony renovation, and therefore of interest from an energy-saving
point of view. Some of those changes are also shown in Table 25.
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Table 25. Changes made to the model input data and the reasons for the changes.

Calibration model

The base case model

Reason for the change

The general focus on the construction is

1 | Location Tampere Helsinki on the Helsinki Metropolitan Area Bottom
of Form
South-facing is also generally favoured in
balcony construction. It also turned out to
2 | Orientation South-West South be the most reliable solution for simula-
tion (all orientations analyzed). Bottom of
Form
. . The facade without shading turn out to be
Mixed forest in front . . .
. . the most reliable starting point for calcula-
4 | External obstruction | of the balcony No obstruction .
f tion (totally shaded facade was also
acade
analyzed)
6 | Flat temperature 23.3°C 21°C 21 °Cis general design value
_ Two residents The number of resi-
Standard of equip- electricity consump- Qent_s (0.0357 pc./mZ), Adjusted to correspond to the Finnish
7 | ment and number of : lighting (11 W/m2); ) : o
tion 1.500 - ) national calculation guidelines
occupants KWhiyear) electrical equipment (4
Y W/m2))
8 | Window U-value 1.2 W/m2°C 2 8 W/m2°C Typical thermal insulation capacity in the
) ) 1960-1970s buildings.
B 2 2 Typical thermal insulation capacity in the
9 | Door U-value 1.2W/m*°C 3.0 W/m=°C 1960-1970s buildings.
B o P Typical thermal insulation capacity in the
10 | Wall U-value 0.29 W/m2°C 0.4 W/m?°C 1960-1970s buildings.
Balcony's relation to Apartment runs Balcony covers the By doing this, the external wall area in
16 ny from front to back flat’s exterior wall relation to balcony area was in the users
exterior wall -
of a building completely control.
Mechanical excaust
19 Building ventilation (Mostly 0.35 ACH. | Mechanical excaust Adjusted to correspond to the Finnish
type 0.7 ACH three (0.5 ACH) national calculation guidelines
times a day)
It was noticed that inlet vent should be
. outside the balcony in the base case,
Two inlet vents e
- . . . because the air inlets affect too much for
Supply air intake (one in the balcony | One inlet vent (Directly . S AR
20 . . . the results in sensitivity analysis, if it is
solution and one in the from the outside) S
bedroom) inside the balcony. Reason for the one
inlet vent was that then the air inlet was
totally in the user control.
21 gg;}n::tr;didrotznﬁ”a' 1.1-2.2 ACH (mont- | 1.5-2.6 ACH (montly Opening area is slightly increased to
balcony glazing ly average) average) correspond typical ‘tight’ glazing solution
23 Bund_ln_g air leakage 0.88 ACH 1 ACH l_ACH is better guess for general situa-
coefficient tion
Desianed heatin Reason for the oversizing of the heating
o 9 According to cor- Sodankyla situation capacity was that then it was sufficient for
24 | capacity of hot water desian i ized 40 0 Il cli tuation in th S
radiators rent design in 1979 | oversized 40 % allc |m_ate situation in the sensitivity
analysis
Heating system According to cor-
control curve position g to . ) Adjusted to correspond to the Finnish
25 . . rent settings in the | Initial settings ) : o
(at Sodankyla design - national calculation guidelines
o building
condition)
26 Heating system No shut-off June - August Summer shut_off is generally recom-
summer shut-off mended solution
Lambda value of the concrete structures
Lambda value of is highly dependent on the quality of the
30 | balcony structures 1.35 W/(m*K) 2.5 W/(m*K) concrete. 1.35 is some kind of minimum
(W/m°C) estimate and 2.5 maximum estimate.
‘Best guess’ would be 1.8.
Surface absorptivity of 0.95 is almost
- black and 0.20 is almost white. The black
Surfaces absorptivity was selected to the starting point for
32 | (Balcony and exterior | Mostly 0.22 0.95 gp

wall)

calculation. Afterwards it was noticed that
0.4 could be the ‘best guess’ for typical
situation.
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As will be clear from this thesis, the final model was constructed after numerous ad-
justments over a long period of time (2009 to 2014). It took thousands of re-simulations
and a number of thorough comparative analyses before the final models for the calibra-
tion and sensitivity analysis were formed. As Table 25 shows, the model for the sensi-
tivity analysis does not represent the calibration situation; it is more like a descriptive
model for a typical renovation situation. By making slight changes to it, the energy-
saving potential of balcony glazing can be evaluated in almost any typical Nordic situa-
tion. This is also confirmed by the error analysis of the simplified calculation method
(section 4.4.2).

4.1.3 Evaluation of the added glazing model

In connection with the balcony glazing studies in Finland, the opportunity arose to par-
ticipate in an ongoing research project at the University of Lund, in Sweden. This
meant that the research could be extended to investigate whole glazed facades of a
building. Among the many interesting aspects of this project were the technical solu-
tions which had been implemented to control the building’s supply air, which came
through the glazed cavity in winter, and from outside the cavity in summer. There were
also a number of different methods for cooling the cavity in the summer. Also, it was a
great opportunity for this researcher to perform daily site visits in an unoccupied build-
ing and to take part in a comprehensive temperature monitoring project. It was a good
fit for a bit of cooperative research, so there were two longer research visits and two
shorter ones amounting to a total of four and half months spent working on a glazed-in
structure project in Lund. One article (Article V) about this fascinating project has al-
ready been published, and several more are in the pipeline. The author is grateful to
the staff of Lund University for the field measurements that the author used for the IDA-
ICE simulations described below.

4.1.3.1 Calibration study

Creating a model for the Malmé case building was helped by the experience that had
been gained in carrying out the simulations of the glazed balconies in Finland. There-
fore, a lot of technical choices for the modeling could be made on the basis of past ex-
perience. The main focus of the simulations was to assess the overall reliability of the
model without having to make very detailed validation operations. The researchers in
Sweden, Birgitta Nordqvist and Petter Wallentén, brought their own long experience to
the topic. Both of their doctoral theses ‘Ventilation and Window Opening in Schools’
[200] and ‘Heat Flow in Building Components’ [201] having familiar to researchers in
this field. During the measurement period the author was privileged to meet a number
of experienced and published researchers from the same field, and to benefit from their



134

experience and advice. In fact, the double skin fagcade on the building in Malmé had
been the subject of previous studies which have resulted in at least two masters theses
[191, 189]. Therefore, the project had a wealth of monitoring and field experience to
call on for this study.

Scenario uncertainty

Because of the uncertainty of the weather data used in the Tampere calibration, the
starting point for the study was that we would have our own weather station to measure
outside temperature, wind conditions and solar radiation on site. Unfortunately, this part
of the project failed to materialize, so we had to use, the local weather stations’ infor-
mation in the simulations, as was done in Tampere (described in section 3.1.2). How-
ever, the available weather data was better than it had been for the balcony studies, in
that there was a nearby monitoring site for solar radiation. In fact, the ‘outdoor’ temper-
ature was monitored at the two points on site, i.e. in the inlet culvert of the ground duct
system and on the north facade of the building. However, these values were not used
for the simulation weather, because it was noticed that the on-site sensors did not rep-
resent the actual outdoor temperature in enough detail. For example, the north facade
sensor was exposed to direct solar radiation from time to time, as can be seen in Table
26; the maximum deviation between the north facade outdoor temperature and the
Malmo Sturup weather station temperature was as high as 18.4 °C. However, this and
other errors caused by direct solar radiation cannot entirely explain the difference be-
tween the measured sets of data (R? = 0.87), so other error sources may exist. It is
likely that one of the factors causing errors in the on-site sensor is the fact that it was
directly mounted on to a wall and was thus exposed of the building’s heat losses. In
fact, there is so much uncertainty about the reliability of the on-site monitoring of the
north facade that it was decided to use the Malm¢ Sturup airport weather information
as inputs for the study.

Table 26. Correlation between monitored outdoor air temperature on site (X) and out-
door weather condition in Malmé Sturup weather station ().

INDEX (X -Y) cV
Y=SIMULATION MBE | (RMSE) | MPE | MAPE
X=SENSOR WEATHER REGRESSION | R R2 (%) (%) (%) (%) | MAX | MIN
outdoor
north, Malmd Sturup y =0.8223x +
5701_GT33 weather 0.5222 093|087 | 14 24 17 20 |18.40| -5.60

Fortunately, in this study the uncertainty about the building’s usage and occupancy
schedules is very low, because the building was unoccupied for the whole measure-
ment period, apart from one week in August, 2014 (from 15" to 23" of August). Human
behavior has therefore not influenced the building’s indoor climate or its energy bal-
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ance, which makes the calibration more accurate (unlike in the balcony study). After
calibration, the building’s usage was standardized to represent the most likely indoor
climate situation of the building in real use i.e. with occupants, lighting and electricity
equipment.

Building physical/operational uncertainty

Determining the dimensions and properties of the building structures, the specifications
of the windows’ properties and the estimation of the air gaps in the glass facade was
done using the same methods as for the balcony studies i.e. primarily by direct meas-
urement on site, and alternatively by manufacturers information and literature sources.
Therefore, there are similar uncertainties in this project as there were in the Tampere
one with regard to the structural properties and real airflows in the cavity. Of these, the
greatest uncertainty is related to the air gaps of the glazing system and the airflow
through them, as it was in the balcony glazing study. There is also a fairly high degree
of uncertainty arising from the operation of the ventilation unit and the building’s heat-
ing system. However, the operation of the ventilation unit and the building systems in
Malmo have been regularly inspected and adjusted to follow planned control set-points
in previous research studies [191, 189]. The operation of the HVAC systems in use
was determined on site by following the real operation of the systems, and this was
verified with the monitoring information data acquired from Malmd city during the previ-
ous studies [191, 189] and this study. Therefore, the real operation setpoints of the
building’s systems were used in the simulation model and its operation was verified. An
important tool for this process was found to be the ability to make one’s own
‘customised control macro’ for the systems in IDA-ICE. This allowed for flexible sched-
uling during the study.

Model inadequacy

As previously stated, the DSF in the Malmé building was modelled in the same way as
were the glazed balconies i.e. with separately-defined zones and a detailed window
specifications (without using IDA-ICE’s own DSF model). The reason for this was that
the goal of the simulation was to make some points of comparison with the Tampere
study. In the facade zone, a detailed window structure and simplified (energy) zone
model was used. It wasn't possible to use a detailed (climate) zone model (as had
been done for the glazed balcony study), because of the complex geometry of the dou-
ble facade (the climate model only allows to use of rectangular geometries). The new-
est edition of the IDA-ICE (IDA-ICE 4.7 standard edition) has a separately developed
double skin facade model, which seems to be more detailed and more reliable. How-
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ever, this was not available in the IDA-ICE standard edition at the time of the model
calibration.

With regard to the construction of the DSF zone, the effect of the convective heat trans-
fer coefficient on the airflows and cavity temperature was assessed. All the internal
surface convection models described in this thesis (see section 2.3.4) were assessed,
as it had already been observed that internal surface convection is a key factor affect-
ing the cavity temperatures. However, the simulation was conducted with the default
setting, because a) the real cavity airflows were not measured on site, b) there was no
certainty that the measured cavity temperatures represented the real cavity air temper-
ature, c) it avoided having to use IDA-ICE advanced level (it slows down the computing
time) and d) there was no reference information to which the default settings should
have been changed. There is thus significant uncertainty associated with this issue.

The ground duct system was modelled by placing eight consecutive zones under-
ground and connecting them with each other by the actual diameter of the opening.
This described the operation of the real ground duct system, at least on some level.
The correlation analysis of the measured and simulated temperature in the outdoor
inlet culvert (Table 27) shows that the correlation is very good (R? = 0.89), especially
when ‘the coarseness of model’ is taken into account. Despite this, a more detailed
calculation of the ground duct system is, in principle, recommended. This could be
done by adding a more detailed model to the advanced-level IDA-ICE.

Table 27. Correlation between monitored air temperature inside outdoor inlet culvert (X)
and simulated culvert zone temperature (Y).

INDEX (X -Y) Cv
MBE | (RMSE) | MPE | MAPE
X=SENSOR Y=SIMULATION | REGRESSION | R R2 (%) (%) (%) (%) MAX | MIN
outdoor inlet
culvert, y =0.7653x +
5701 _GT41 Culvert zone 1.9979 0.94 | 0.89 9 19 4 15 8.67 | -4.60

The temperatures in the ventilation unit were also measured at various points, although
their correlation with the simulations (Table 28) proved to be rather weak (R? =0.26 to
0.46). One reason for this is that the distances between the fans, heat exchanger and
other facilities in the ventilation unit were so small that their temperatures were influ-
enced by each other. For example, the measured temperature from the heat exchanger
may not have exactly represented the correct temperature as it was also affected by
the heat from the fans and the heating coil. As a result, a comparison of the monitored
and simulated ventilation unit temperatures is not very meaningful. The model needs to
be calibrated in more detail with accurately measured unit temperatures.
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Table 28. Correlation between monitored air temperature inside ventilation unit (X) and
simulated temperatures inside unit (Y).

INDEX (X -Y) CcVv
MBE | (RMSE) | MPE | MAPE
X=SENSOR Y=SIMULATION | REGRESSION | R R2 (%) (%) (%) (%) MAX | MIN
supply air
before heat
exchanger, supply air before |y =0.7056x + -
5701_GT11 heat exchanger 0.568 0.68|0.46 | 26 38 26 29 19.17 | 10.10

supply air after
heat exchang- | supply air after y =0.2664x +

er, 5701_GT12 | heat exchanger 13.5441 0.55]0.30 7 16 6 10 19.12 | -4.58
supply air

before fan, supply air before |y =0.1949x + -
5701_GT13 fan 15.5382 0.51]0.26 3 16 0 14 8.90 | 13.80

In order to model the ground duct system, the effects that the two basic ground models
of IDA-ICE (ICE3 and 1SO-13370:2007 [157]) have on the inside temperatures of the
apartments were evaluated. The ISO model is a more complicated (and realistic) model
than the IDA model, but both of them, however, only offer a simplification of the real
ground performance and are intended mainly for energy simulations. A comparison of
the measurements was also not reasonable because the basement model was a sim-
plification of the real basement (which is, in reality, connection through a ground culvert
to other buildings). Nevertheless, it was noticed that the ISO model always estimated
higher indoor temperatures than the IDA model for the summer months. This suggests
that the ISO model is better if the focus of the simulations is on thermal comfort during
the summer.

Observation error

During the analysis of monitoring data, two important issues were raised. The first con-
cerns the cavity air temperature sensors’ close contact with the brick wall of the build-
ing. The second was the solar protection of the sensors, which had been shielded with
aluminum foil. Because all the measuring devices were positioned near the brick wall,
they were exposed to the building’s conduction heat losses, In addition to this, the most
of the sensors were exposed to direct solar radiation, which caused additional meas-
urement errors, and also interfered with the operation of the ventilation systems. The
reason that sensors shielded with aluminium foil were susceptible to solar radiation is
because there was no mechanical ventilation in the shielding [74], which defeated their
purpose (the foil was meant to protect the east and the south facade sensors from di-
rect solar radiation). It was also noticed that some of the sensor guards had fallen off
(Figure 49). Due to these factors, the correlation analysis with the monitored and simu-
lated cavity temperatures was conducted, but three different simulated temperatures
were included in the analysis. These were the cavity mean air temperature, an internal
surface temperature for the added glazing and an external surface temperature for the
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brick wall. The results from those analyses are presented separately for all three
glazed facades.

Figure 49. Sensors located on the west (left), south (middle) and east (right) facades.
The unshielded sensors are marked by the red rectangles, and the shielded sensors by
red circles.

The results from the Eastern facade (Table 29) consistently showed the best correla-
tion between the simulated mean air temperatures and the monitored temperatures.
This may be because three of the four sensors’ guards (Figure 49.) were still in place at
the end of the monitoring period. The effect of solar radiation was lower in most of the
these sensors’ situations and the measured temperature was more likely to represent
the cavity air temperature than the surface temperature of the brick wall. These findings
are also supported by the fact that the weakest correlation between measured and
simulated sensors was obtained with sensor GT31:1, i.e. the sensor whose guard fell
off during the study. Nevertheless, the correlation between the measurements and the
simulations is not, on the whole, optimal (R?2 = 0.72 to 0.76 for the simulated cavity
mean air temperature). In addition to the effects of solar radiation, another error source
might be the conduction losses from the building.
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Table 29. Correlation between monitored air temperature in the east cavity (X) and
simulated cavity mean air temperature, added glazing internal temperature and brick

wall external temperature (Y).

CcVv
INDEX (X - Y) MBE | (RMSE) | MPE | MAPE
X=SENSOR | Y=SIMULATION REGRESSION | R R2 | (%) (%) (%) (%) | MAX | MIN
Mean air temperatu- |y = 1.0048x - -
East glazing | 1€ 1.3753 0.85|0.72 5 17 6 15 10.95 | 12.48
south side Added glazing, y =0.9754x - -
(lower), internal temperature | 2.9006 0.80]0.63| 15 24 16 23 12.58 | 13.19
5702_GT31_1 | grick wall, external |y =1.0096x + -
temperature 1.6139 0.83|0.68| -8 19 -9 12 6.92 | 20.85
Mean air temperatu- |y = 1.0779x - -
East glazing |re 2.629 0.86 | 0.74 4 16 5 15 7.27 | 12.88
south side | Added glazing, y =1.0466Xx - -
(higher), internal temperature | 4.1243 0.81/065| 14 23 15 22 11.38 | 13.19
5702_GT33_1 | Brick wall, external |y =1.0792x + -
temperature 0.4399 0.84]|0.70 | -10 20 -10 12 3.85 | 21.35
Mean air temperatu- |y = 1.0277x - -
East glazing |re 1.2935 0.87 | 0.75 3 16 4 14 10.66 | 11.11
north side | Added glazing, y =1.0067x - -
(lower), internal temperature | 3.0235 0.82|0.68| 13 22 14 21 13.74 | 13.49
5702_GT31_2 | Brick wall, external |y =1.0484x + -
temperature 1.3445 0.86|0.73 | -11 20 -11 13 6.39 | 19.96
Mean air temperatu- |y = 1.0917x - -
East glazing |re 2.5266 0.87 | 0.76 2 15 3 14 8.01 |11.11
north side | Added glazing, y =1.0685Xx - -
(higher), internal temperature | 4.2109 0.83/0.69| 12 22 13 21 10.41 | 13.29
5702_GT33_2 | Brick wall, external |y =1.1101x + -
temperature 0.1654 0.86]|0.74| -12 20 -12 13 4.77 | 20.26

The situation in the south facade is somewhat different. Three sensor guards have re-
mained on the eastern sensors (GT31 and GT21:2), but dropped off the western sen-
sors (GT32 and GT21:1). The usefulness of sensor guards, however, is not clearly vis-
ible in the results (Table 30), because the shielded eastern sensor GT31’s accuracy is
better (R?=0.90) than the corresponding unshielded western one (GT32, R2=0.89), but
the accuracy of the eastern sensor GT21:2 (R2= 0.84) is lower than the corresponding
unshielded western one (R2=0.87). This indicates that it is not actually the sensor guard
which helps to produce a more accurate correlation between the monitoring and the
simulation. In fact, it seems that the south fagade’s sensors’ correlation with the simula-
tion is generally good (R2=0.80 to 0.88) for the simulated cavity mean air temperature
and simply better that the east facade’s sensors’ correlation with the simulation. It also
seems that the simulated external surface temperature of the brick wall correlates bet-
ter with monitoring (R? = 0.84 to 90) than do the simulated cavity air temperatures (R2 =
0.80 to 0.88). This supports the conclusion in Article V that the measured temperature
does not actually describe the cavity air temperature, but is more likely a mixture of the
cavity air and the brick wall external surface temperature.
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Table 30. Correlation between monitored air temperature in the south cavity (X) and
simulated cavity mean air temperature, added glazing internal temperature and brick

wall external temperature (Y).

CcVv
INDEX (X - Y) MBE | (RMSE) | MPE | MAPE
X=SENSOR | Y=SIMULATION REGRESSION | R R2 | (%) (%) (%) (%) | MAX | MIN
Mean air temperatu- |y =0.8132x +
south glaz- |re 1.2802 0.91|0.83| 14 20 13 17 22.33 | -9.82
ing west side | Added glazing, y =0.837x -
(lower), internal temperature | 0.949 0.89/0.80| 20 26 21 24 23.32 | -9.94
5702_GT21_1 | Brick wall, external y = 0.9082x + =
temperature 2.0169 0.94 | 0.87 1 13 1 9 18.29 | 14.53
Mean air temperatu- |y =0.9157x - -
south glaz- |[re 1.3571 0.89|0.80| 14 20 14 19 14.27 | 10.42
ing east side | Added glazing, y = 0.9304x - -
(lower), internal temperature | 3.3534 0.86|0.74| 20 26 21 25 16.13 | 10.54
5702_GT21_2 | Brick wall, external y =1.0231x - =
temperature 0.9383 0.91]0.84 1 14 2 11 9.39 | 15.78
Mean air temperatu- |y = 0.9491x - -
south glaz- |[re 1.5665 0.94|0.88| 13 22 16 20 15.33 | 11.56
ing west side | Added glazing, y = 0.9296Xx - -
(higher), internal temperature | 2.5982 091/083| 21 29 25 29 16.32 | 11.70
5701_GT32 | Brick wall, external y = 1.0609x - -
temperature 1.2275 0.95| 0.89 0 18 2 12 11.29 | 18.44
Mean air temperatu- |y =0.9319x - -
south glaz- |[re 1.088 0.9410.88| 12 22 15 19 16.33 | 11.86
ing east side | Added glazing, y =0.9139x - -
(higher), internal temperature | 2.1496 0.91/0.83| 20 29 24 28 17.32 | 12.07
5701_GT31 | Brick wall, external y =1.0431x - -
temperature 0.7178 0.95|090| -1 18 1 12 12.29 | 18.84
There were no guards on the west facade's sensors (Figure 49) but this facade was

otherwise the most protected from the sun, as there were trees in front of the facade.
This might explain why the correlation between the measured and simulated tempera-
tures is the best on this facade (Table 31). The correlation between the monitored and
simulated cavity temperatures was from 0.86 to 0.92, and it was even better between
the monitored cavity air temperature and simulated brick wall external surface tempera-
ture (R2=0.92 to 0.95). This all seems to confirm the problems with sensors guards, i.e.
the best results were achieved without sensor guards, but with external tree shading.
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Table 31. Correlation between monitored air temperature in the west cavity (X) and
simulated cavity mean air temperature, added glazing internal temperature and brick

wall external temperature (Y).

CcVv
INDEX (X - Y) MBE | (RMSE) | MPE | MAPE
X=SENSOR | Y=SIMULATION REGRESSION | R R2 | (%) (%) (%) (%) | MAX | MIN
Mean air temperatu- |y = 1.2428x -
West glazing | re 4.7041 0.95 | 0.90 4 20 9 19 9.07 | -9.71
south side | Added glazing, y =1.1997x-
(lower), internal temperature | 5.796 0.93/087| 14 25 21 27 12.29 | -9.19
5702_GT32_1 | Brick wall, external |y =1.3275x - -
temperature 3.8483 0.97|0.94 | -10 22 -6 12 3.68 | 15.50
Mean air temperatu- |y = 1.2071x -
West glazing | re 4.6556 0.96 | 0.92 6 18 12 19 8.52 | -8.78
south side | Added glazing, y =1.1665x -
(higher), internal temperature | 5.7709 0.94/10.89| 17 25 23 27 11.59 | -8.09
5702_GT34_1 | Brick wall, external |y =1.284x - -
temperature 3.703 0.97|095| -7 18 -3 11 3.90 | 14.40
Mean air temperatu- |y = 0.9345x -
West glazing | re 0.3918 0.93]0.86 9 21 12 18 18.10 | -9.71
north side | Added glazing, y =0.911x -
(lower), internal temperature | 1.7914 0.92/0.85| 19 27 24 27 20.34 | -7.73
5702_GT32_2 | Brick wall, external |y =1.0133x + =
temperature 0.4895 0.96|092| -4 15 -3 8 13.44 | 11.39
Mean air temperatu- |y = 1.006x -
West glazing | re 1.4731 0.93]0.86 8 20 12 18 16.81 | -9.70
north side | Added glazing, y =0.9765x -
(higher), internal temperature | 2.7726 0.92/0.84| 18 27 23 27 19.44 | -7.83
5702_GT34_2 | Brick wall, external |y =1.0913x - -
temperature 0.6922 0.96 093] -5 16 -3 9 11.80 | 11.82

Looking at the results as a whole, it can be said that 83 % (10/12) of the surface tem-
perature sensors fulfill the ASHRAE calibration criteria for MBE and CV(RMSE), as do
67 % (8/12) of the cavity mean air temperature sensors. On this basis, it can be con-
cluded that the monitoring sensors, as a whole, represent the external surface temper-
ature of the brick wall better than the cavity air temperature. Nevertheless, the 83 %
fulfillment confirms that the model can be considered as a ‘calibrated model’ and the
results are reliable for further analysis.

Conclusion

The comparison of the measured cavity air temperatures to the simulated cavity air,
brick wall and glazing temperatures showed that the model was good enough to be
used in further studies. It might be possible, but not really worthwhile, to try to get a
better fit by making a detailed model of the mounting of the sensors together with the
solar shading of the aluminum foil. However, it was not the goal of this study to make a
perfect parameter fit for this particular house, but to create a reasonable model that
manages to capture the qualitative behavior of the complex ventilation and glazing ren-
ovation, which could then be used in further simulations. Given that there are many
local phenomena not included in the model, including, for instance, the thermal behav-
ior of the temperature sensors, the results are surprisingly good. (Article V)
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4.1.3.2 Sensitivity analysis

The calibration model only needed slight changes for the sensitivity analysis. The only
changes were the standardization of the building’'s usage to match the typical use of
the building and updating the simulation period to a full-year simulation. Thus, it was
possible to assess the impact of modifications to the model parameters on the build-
ing’s energy consumption and indoor climate on a yearly basis with the realistic use of
the building (internal heat loads and their schedules have taken into account). The
sensitivity analysis should be regarded more as an assessment of the existing DSF
solution’s usefulness and possible further development of the implemented concept,
than a pure sensitivity analysis. Of course, the significant parameters are clearly
brought out in the review, but they must be regarded as being more applicable to the
existing building and the implemented solution rather than a generalisable fact.

The variables in the development study for the implemented concept were increased
airflows through the ground duct system and the cavity exhaust fan, increasing the ex-
tent of the openable windows, and adding blinds to the cavity glazing (internal and ex-
ternal). The winter and summer situations were analyzed separately, and without taking
the operational control of the solutions, like added blinds, into account. As a result, the
sun protection, for example, is assumed to be in a lowered position all the time. This
does capture the significance of the solar shading, in general, but it does not clearly
define the overall yearly benefits that could be achieved if the system’s combinations
were modelled with realistic control options. The sensitivity analysis’ main drawbacks
are therefore that a) the studied apartment was calibrated only with the glazed cavity
temperatures, but not with indoor air temperatures at a time of thesis publication (under
construction under during spring 2017) and b) it does not take into account the opera-
tion of different combinations of the energy-saving and solar-protection options in the
whole year simulations (optimized separately in this study). These factors must be tak-
en into account in any further studies.
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4.2 Monitored balconies and flats in Tampere

4.2.1 Surface temperatures

This chapter is concerned with the main results of the surface temperature measure-
ments taken on two balconies in Tampere between 16" July, 2009 and 24" May, 2010.

Window surface temperatures

The external window surface temperatures on the glazed balconies varied between -
13.9...42.1 °C and on the unglazed balconies between -18.8...44.8 °C. The external
window surface temperatures on the glazed balconies exceeded those of the unglazed
balconies by 2.5 °C on average. During the winter, the average difference between the
glazed and unglazed balcony temperatures was 2.8 °C, and during the summer it was
1.7 °C. The temperature variations at the windows’ bottom edges exceeded those at
the top. For example, the surface temperatures of the bottom edge of the window on
the unglazed balcony varied between -18.8...44.8 °C while the top edge was between -
18.0...31.4 °C. On the glazed balcony, the external window surface temperatures var-
ied between -13.9...42.1 °C at the bottom edge and between -11.4...34.3 °C at the top
edge. These results indicate that the balcony glazing decreased temperature fluctua-
tion and temperature differences between the top and bottom edges of the external
window surfaces.

The internal window surface temperatures in the flat with the glazed balcony varied
between 15.9...32.2 °C. In the flat with the unglazed balcony they were between
16.0...46.8 °C. On average, the internal window surface temperatures in the flat with
glazed balcony exceeded those of the flat with the unglazed balcony by 1.0 °C. At the
monthly level, the internal window surface temperatures were almost equal from April
to September, with the closest match in July. In the winter, the internal window surface
temperatures in the flat with the glazed balcony exceeded those of the flat with the un-
glazed balcony by 1.3 to 2.5 °C. The lower window surface temperatures in the flat with
the glazed balcony are probably caused by the reduced heating need.

On average, the heat losses through the window of the flat with the glazed balcony
were 22 % lower than they were in the flat without a glazed balcony. The impact of so-
lar radiation can be estimated based on the monthly energy savings. The heat losses
were reduced by 23 % in March, 25 %, in April, 34 % in May and between 18-19 % in
Mid-winter. In summer, the heat losses expressed by percentages differ significantly,
although the external and internal window surface temperatures differ by less than 2 °C.
The reduction in heat losses has been affected both by the balcony glazing and the
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lower radiator temperatures resulting from the reduced heating requirement in the flat
with the glazed balcony as compared to the flat with the unglazed balcony.

Door surface temperatures

The external surface temperature of the door on the glazed balcony varied between -
17.4 and 56.4 °C, while on the unglazed balcony it was between -21.2...60.6 °C. On
average, the temperature of the external surface of the door on the glazed balcony
exceeded that of the unglazed balcony by 2.0°C. During the heating season, the aver-
age difference between these temperatures was 2.4 °C, and during the summer it fell
to 1.3 °C. The temperature variations at the bottom edge of the door exceeded those
at the top. For example, the door’s bottom edge surface temperatures on the unglazed
balcony varied between -21.2 and 60.6 °C, while on the top edge they were between -
17.0...36.5 °C. On the glazed balcony, the door's surface temperatures varied be-
tween -17.4 and 56.4 °C at the bottom edge and between -12.4 and 35.1 °C at the top.
These results indicate that the balcony glazing evened out the temperature variations
and temperature differences between the top and bottom edges of the external door
surface.

The internal surface temperatures of the door to the flat with the glazed balcony varied
between 16.2 and 32.0 °C, and in the flat with the unglazed balcony it ranged between
15.5 and 40.4 °C. On average, the internal door surface temperatures in the flat with
the unglazed balcony exceeded those of the flat with the glazed balcony by 0.4 °C. On
average, the surface temperatures of the door of the flat with the unglazed balcony
exceeded those of the flat with the glazed balcony by 1 °C in winter and by 0.3 °C in
summer. The results suggest that the higher radiator temperature in the flat with the
unglazed balcony did not have as much effect on the internal door surface tempera-
tures as it did on the window surface temperatures. In the glazed balcony, the tempera-
tures at the top edge of the door were higher than they were at the bottom edge, but
this difference was lower in the unglazed balcony. It can be assumed that the hot radia-
tor located next to the door in the flat with the unglazed balcony influences the surface
temperatures of the bottom edge of the door, but has no significant impact on the top
edge.

On average, the heat losses from the flat with the glazed balcony door were 15 % low-
er than they were from the flat with the unglazed balcony. In December, January and
February, the glazed balcony flat's heat losses were 10 % lower than for the unglazed
balcony. The impact of solar radiation can be seen from the monthly energy savings. In
March, the heat losses were 15 % lower, in April 21 %, and in May even 31 %. In
summer, the heat losses expressed by percentages differ significantly, although the
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external and internal door surface temperatures differ by less than 2 °C. The reduction
in heat losses was affected both by the balcony glazing and the lower radiator tempera-
tures due to the reduced heating requirement in the flat with the glazed balcony as
compared to the flat with the unglazed balcony.

Wall surface temperatures

The building’s external wall surface temperatures on the glazed balcony varied be-
tween -16.2 and 31.2 °C and on the unglazed balcony between -20.0 and 33.4 °C. On
average, the wall external surface temperatures on the glazed balcony exceeded those
of the unglazed balcony by 1.4 °C. During the heating season, the average difference
between the balcony temperatures was 1.6 °C, and during the summer it was 1.0 °C.
The temperature variations at the bottom edge of the wall exceeded those at the top
edge. The strongest reaction to solar radiation was registered by the surface tempera-
ture sensor located in the middle of the balcony’s back wall in the flat with the unglazed
balcony. It can be assumed that the surface temperature sensor located at the bottom
edge of the wall would have been heated even more by the solar radiation if it would
not have been blocked by a chair for some time during the day. The results indicate
that the balcony glazing evened out temperature variations and temperature differ-
ences between the top and bottom edges of the external wall surface.

The internal surface temperatures of the wall in the flat with the glazed balcony varied
between 16.6 and 25.3°C and in the flat with the unglazed balcony between 17.1 and
28.6 °C. On average, the internal wall surface temperatures in the flat with the un-
glazed balcony exceeded those of the flat with the glazed balcony by 2.0 °C. In the
summer, on average, the internal wall surface temperatures of the flat with the un-
glazed balcony exceeded those of the flat with the glazed balcony by 0.1 °C, and in the
winter by 2.7 °C. The lower wall surface temperatures in the flat with the glazed balco-
ny, are probably caused by the reduced heating need.

On average, the heat losses from the wall of the flat with the glazed balcony were 18 %
lower than they were from the flat with the unglazed balcony. In December, January
and February, the glazed balcony heat losses were 17-18 % lower. The impact of solar
radiation can be seen from the monthly energy savings. In March, the heat losses were
20 %, in April 21 %, and in May even 26 % lower. In summer, the heat losses ex-
pressed in percentages differ significantly, although the external and internal wall sur-
face temperatures differ by less than 1.5 °C. The reduction in heat losses was affected
both by the balcony glazing and the lower radiator temperatures due to the reduced
heating requirement in the flat with the glazed balcony as compared to the flat with the
unglazed balcony.
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Based on thermal camera imaging carried out in winter, the radiator surface tempera-
tures in the flat with the unglazed balcony were significantly higher than the radiator
temperatures in the flat with the glazed balcony. Because of this, during the heating
season, the internal surface temperatures of the window, door and wall in the flat with
the unglazed balcony were higher than those of the flat with the glazed balcony. For
example, on March 24", 2010, at 1 PM, at an outdoors temperature of 1.7 °C, the radi-
ator surface temperature in the flat with the unglazed balcony was 40 °C, while in the
flat with the glazed balcony, it was 31 °C.

Balcony glazing surface temperatures

There were no significant differences in the balcony glazing’s internal and external sur-
face temperatures. The external surface temperatures varied between -21.85 and
36.31 °C while the internal surface temperatures were between -20.75 and 35.68 °C.
On average, the internal surface temperature of the balcony glazing exceeded that of
the external surface by 0.3 °C. The temperature difference between the balcony glaz-
ing’s internal and external surfaces were within the same order of magnitude through-
out the measurement period. On sunny summer days, the balcony glass pane surface
temperatures climbed much higher than the outdoors temperature, but the difference
evened out rapidly soon after sunset.

In the winter season, the variations between the balcony glazing surface temperatures
and the outdoors temperatures were clearly less pronounced than in the summer. In
most cases, the surface temperatures were very close to each other. However, if the
weather was really cold, the difference between the outdoor air and the surface tem-
peratures was much more noticeable.
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4.2.2 Balcony temperatures

The monitoring results are arranged from the warmest (No. 1) to the coldest (No. 22)
balconies in numerical order: 1 - 17 represent the glazed balconies and 18 - 22 the
unglazed ones (Figure 50). The unglazed balconies are further defined in the diagrams
by rectangles, and the glazed balconies by circles. The ages of the buildings, the orien-
tations of the facades, the percentage of glazing openness (categorized into three
groups; closed, ventilation position and one pane open) and the mean temperatures of
the spaces are also shown. (Article 111)
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Figure 50. Studied blocks of flats from oldest to newest, in alphabetical order from the
oldest, A, to the newest, K. (Article IlI)

Temperatures of unglazed balconies

On average, the temperatures of the five unglazed balconies exceeded the outdoor air
by 2 °C with a range of from 1.8 °C to 2.4 °C, depending on the balcony (Figure 50).
Day temperatures, divided into a six-hour average, show clearly that the unglazed bal-
conies do not cool as much as the outside air during a cold winter night and they warm
up more effectively on sunny days in spring and summer (Figure 51). The intensity of
the warming is highly dependent on the balcony’s orientation and external obstructions.
Of the studied balconies, those facing south (balcony 19) warm up most, while those
facing east (balcony 22) warm up the least. (Article Ill)
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Figure 51. One cold winter day (26™ January), an early spring day (15" March), and a
late spring day (16™ May), as well as Tampere-Pirkkala outdoor weather measure-
ments, divided into the mean temperatures for six-hour periods. (Article I11)

Temperatures of glazed balconies

The average temperature of the 17 glazed balconies differed by 5.0 °C from the out-
door temperature, and the differences ranged from 3.5 °C to 6.6 °C, depending on the
balcony. The importance of glazing for balcony indoor temperatures varied seasonally.
Glazing had the highest effect in March, when the average temperature difference of
the 17 glazed balconies was 6.6 °C compared to the outdoor air, while the lowest was
in November with a 2.8 °C temperature difference. Calculated seasonally, the average
temperature differences between the glazed balconies and the outdoor air were 4.2 °C
in autumn (Sep - Dec) and 5.8 °C in spring (Mar - May). This difference of more than
one and a half degrees between the autumn and spring values was caused by solar
radiation, since it affected temperatures more in spring than in autumn.

The temperature in Finland can fluctuate quite dramatically, and this was reflected in
the measurements for this study, which included hourly weather readings on 17 balco-
nies over a ten-month period. During that period, the temperature differences between
the glazed balconies and the outdoor air ranged from 5.8 °C below the outdoor tem-
perature to 29.6 °C above it. The -5.8 °C difference occurred on Balcony 7 in the winter
when there was a rapid increase in the outdoor temperature to which the balcony’s
concrete structures reacted after a short delay. The large positive temperature differ-
ence (29.6 °C) occurred on balcony 3 in spring, when there were noticeably higher
temperatures during a period of very intensive solar radiation. (Article Il1)
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Comparison of glazed and unglazed balconies

A scatter diagram comparing a glazed and an unglazed balcony (Figure 52a and b)
reveals three important observations. First, the set of points is clearly more widely
spread in the glazed balcony, which shows that occasional deviations relative to the
ambient air are clearly higher in the glazed balconies than in the unglazed balcony
temperatures. Second, the set of points in the glazed balcony scatter diagram are more
spread out from the black line (which denotes the outdoor temperature); i.e. the balco-
ny temperatures are clearly more widely dispersed from the outdoor temperature and
yet, almost without exception, higher. The balcony temperatures may momentarily drop
below the outside temperature, but such moments are limited to an outside tempera-
ture range of -13 °C to +18 °C on balcony 1. Third, the set of plots is furthest from the
outdoor temperature at the lowest and highest ends of the temperature range, which
indicates that glazing has the most significant effect during very cold (outside tempera-
ture <13 °C) and the very warm days (ambient temperature >18 °C). The glazed balco-
nies were 3.0 °C warmer than the unglazed ones, on average. (Article IIl)
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Figure 52a and 52b. Temperatures of the coldest unglazed balcony (no. 22, left) and of
the warmest glazed balcony (no. 1, right) in relation to the outdoor temperature meas-
ured at the Tampere-Pirkkala weather station. (Article 1)

The glazed balcony temperature exceeded 20 °C for the first time in the spring on
March 9" and for the last time in autumn on October 15". Respectively, unglazed bal-
cony temperature exceeded 20 °C for the first time on May12" and for the last time on
September 21%. The average temperature of all the glazed balconies exceeded 20 °C
for the first time on April 13™ and for the last time on September 15™. The correspond-
ing dates for the unglazed balconies were May 12" and September 15". This means
that the average usage time of a glazed balcony exceeds that of an unglazed balcony
by more than a month, while in the best case scenario the usage time could even be
2.5 months longer.



150

4.2.3 Flat temperatures

The indoors temperatures of the flats with glazed balconies varied between 18.9 and
28.8 °C, while in the flats with unglazed balconies they were 19.3 and 31.6 °C. The
average temperatures in the flats with unglazed balconies varied between 22.3 and
27.4 °C, in the flats with glazed balconies it was between 22.1 and 26.7 °C. The annual
average temperature of all the flats with unglazed balconies was 23.8 °C and for the
flats with glazed balconies it was 23.3 °C. The average difference of the temperatures
measured in the flats, either with or without glazed balconies amounted to 0.5 °C for
the entire monitoring period, (0.4 °C in autumn and 0.6 °C in spring). A clear connec-
tion can be seen between the balcony temperatures and the indoors temperatures
measured in the flats. This was lowest in November (during the heating season), and
greatest in March. The temperature difference between the flats increased as the tem-
perature difference between the glazed and unglazed balconies increased, and it de-
creased as the temperature difference between the balconies decreased. This sug-
gests that balcony glazing installation allows for a decrease in the indoors temperature
of the flat without any loss in thermal comfort.

The research also included experiments to establish the connection between balcony
glazing and indoors temperature reduction. The examination covered blocks of flats
that included at least one flat with a glazed balcony and one flat with an unglazed bal-
cony; the indoors temperatures measured in flats with unglazed balconies could thus
be compared to the temperatures measured in flats with glazed balconies. Ten such
flats were surveyed. Of these, seven had indoor temperatures which were lower than
the indoor temperature of the reference flat with the unglazed balcony, while three had
higher temperatures. On average, the temperature of the seven glazed balconies was
1.3 °C lower than the indoor temperature of the flat with the unglazed balcony, while
the indoor temperature of three of the flats with glazed balconies was 0.6 °C higher. In
most cases, the indoor temperatures of flats with glazed balconies were lower than the
indoor temperatures of flats with unglazed balconies. It should be noted that the indoor
temperature underruns are clearly greater than the overruns. The results suggest that
balcony glazing does have a positive influence on a flat's thermal comfort and allows
for a reduction of the indoor temperature in the room adjacent to the balcony without
impairing thermal comfort. Accurate estimates concerning the actual temperature re-
duction cannot be provided with these results, since there are many other factors af-
fecting the indoor temperature of the flat besides the glazed balcony.
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4.2.4 Factors affecting the balcony inside temperatures

Heat loss reduction

The difference in heat transfer by conduction from the building to the balcony does not
seem to have much effect on the overall performance of the glazed balcony. This is
because the highest average balcony temperature was in the group where the level of
conduction loss was lowest. The reason for this is that the difference in the level of
conduction loss between different balconies was generally quite low, and its effect on
the results lower than the effect of the tightness of the glazing and the balcony’s ability
to absorb solar radiation, these being the most significant factors which can explain the
temperature differences between all the measured balconies. On the other hand, the
conduction loss level does have a significant impact on the interior temperatures of the
glazed balconies during the coldest months of the year (Dec, Jan, and Feb). Because
there is so little solar radiation in the Tampere region in this period, the glazed balco-
nies gain most of their heat from the heat losses of the building. The balconies which
had most of their walls within the building’s ‘warm’ enclosing structures (e.g., integrated
balconies) seem to perform better than the protruding ones. The reason is the higher
heat transfer from the adjacent flat (from three sides of the balcony) and the higher
overall tightness of the balcony glazing (only one glazed side) than in the protruding
balconies with two or three glazed sides. However, there is no overall good solution if
the glazing is not tight enough. For example, the integrated balcony (Balcony 9) shows
the highest heat losses from the adjoining flat in January, but it is not the warmest bal-
cony in this period because of the poor fit of the glazing. A better solution, for example,
is balcony 2, which has typical heat loss but the most tightly-fitted glazing. (Article III)

Microclimate

Because the balconies chosen for the study were geographically less than 20 km apart
from each other, the small local differences between the temperatures of the unglazed
balconies were not caused by climate difference, but mostly stemmed from the studied
balconies’ different design solutions and external environmental conditions, i.e. building
and site-specific factors. These affect the balconies’ ability to absorb and store solar
energy. For example, balconies with one open side were less exposed to changing
wind conditions than those with three open sides, and an east-facing balcony with ex-
ternal obstruction received less solar radiation than a south-facing one in open terrain.
Interestingly, the temperature difference (0.5 °C) between the two similar, but different-
ly oriented unglazed balconies in Harmala was greater than that between the coldest
(Hervanta) and the warmest (Lielahti) area (0.4 °C). Overall, it seems that more atten-
tion was paid to the microclimate in some buildings’ designs than in others. (Article IlI)
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Solar absorption (orientation and external obstacles)

The difference in the levels of solar absorption between the balcony which received the
most solar radiation (very high) and the balcony which received the least (very low)
was approximately 1.0 °C overall. All the glazed balconies which had a high solar ab-
sorption level warmed up strongly or very strongly in sunshine. The degree of external
obstruction also seemed to affect the balcony’s ability to capture solar radiation. Based
on the research, a southern orientation is clearly recommended. However, this effect
could not be analyzed in detail, because the sample size was not sufficient to cover a
wide enough range of all the possible orientations. (Article III)

On the whole, solar absorption seems to be a more critical factor than conduction loss-
es from the adjacent building or the balcony/building’s microclimatic design. For exam-
ple, the three warmest balconies over the whole year were far from the warmest in No-
vember and December, but without exception they were the warmest in spring and
autumn. Solar radiation seems to start to affect the monthly temperatures as early as
January. In February, the second coldest month of the year, the effect was clearly visi-
ble in those balconies which had a high capacity to absorb solar radiation. (Article 111)

Amount of glazing

Increasing the amount of glazing by replacing a 180-mm thick balcony side wall ele-
ment (U = 3.5 W/m?°C) with balcony glazing (U = 5.7 W/m?°C) slightly increased the
conduction heat losses from the balcony to the outside air. It also increased the balco-
ny’s unintended ventilation (convection), because a tightly sealed concrete wall struc-
ture was replaced with a leaky glazing structure. On the other hand, the increased glaz-
ing area increases the balcony’s ability to capture solar energy, which compensates for
the increased conduction and convection heat losses. It also seems that the tempera-
ture fluctuations are directly proportional to the amount of glazing. The optimal solution
for the mean air temperature inside the balcony seems to be a balcony glazed on two
sides, thus effecting a compromise between high solar absorption and the air leakage
through the glazing. Indeed, the lowest mean temperatures were recorded for balco-
nies with three loosely-fitting glazed sides, even though they had high solar energy
absorption potential. This indicates that the increase in unintended ventilation had a
more significant effect on the results than increased solar energy absorption. On aver-
age, the temperature difference between the balconies with two (the best solution) and
three (the weakest solution) glazed sides was 0.6 °C (Figure 53). (Article 11I)
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Figure 53. The optimal solution for the mean air temperature inside the balcony seems
to be balconies glazed on two sides, as they offer a compromise between high solar
absorption and the amount of air leakage through the glazing.

Tightness of the balcony’s vertical structures

In Finland, all balcony glazing structures are leaky structures because of the 2—3-mm
air gaps between the glass panes, yet the air outflow can range, according to our esti-
mate, from 1 I/s to 40 /s depending on the overall differences in the glazed balcony
solutions. The main factors affecting this are the variations in the tightness of the glaz-
ing and the balcony’s heat gains from solar radiation and heat transfer from the adja-
cent flat (Figure 54).
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Figure 54. Examples of a very tight recessed balcony and a very leaky protruding bal-
cony. The total areas of the gaps are 7000mm? and 154000 mm? respectively (22 times
higher).

The temperature difference between the balconies with the most tightly-fitted glazing
and those with the most loosely-fitted glazing was 2.1 °C, on average, i.e., clearly high-
er than for any of the other factors studied in the field monitoring. Furthermore, the av-
erage difference between the balconies with very high and low tightness was significant
(1.0 °C). This clearly shows the importance of tightly-fitted glazing for the final result.
Furthermore, the air leakage of the coldest glazed balcony (balcony 17) was the high-
est in the group, and the five coldest balconies included the three leakiest glazed bal-
conies. (Article 1)
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Figure 55. Temperatures of balconies 15 and 7 and of the adjacent apartments from
October 10" to 17", 2009. The figure shows how the resident of flat 7 ventilated the flat
by keeping the balcony door open, especially at night. (Article 1)
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Surprisingly, two of the five coldest balconies were structurally very tight compared to
the other balconies. However, it transpired that the glazing on these balconies had
been left partly open for some reason, which explains why the temperatures on those
balconies were lower. For example, in building C, the glazing on balcony 1 was kept
closed, whereas on balcony 14 it was kept partly open, resulting in a 2.0 °C tempera-
ture difference between the balconies (6.6 °C and 4.6 °C, respectively). Human activity
was also instrumental in another context. For example, balcony 7 warmed effectively
when the door to the flat was left open for long periods during the measurement period
(Figure 55), resulting in a significant difference in the average temperature of two bal-
conies in the same building (1.3 °C between balconies 7 and 15). (Article 11I)

The openess of the balcony glazing

The users of balcony glazing or balconies in general can also reduce or completely
negate the energy savings achieved with the help of balcony glazing — consider the
following actions, for example:

- The balcony door is left ajar. In such cases, increased use of the balcony after
balcony glazing installation may even lead to increased heat losses.

- Some of the balcony glazing is left partly or completely open during the winter
season. This considerably reduces the energy efficiency benefits achieved by
balcony glazing.

- As a consequence of smoking, the balcony glass panes are continually kept
slightly open, in order to get rid of the tobacco smell more efficiently.

Within the framework of the research, all the glazed balconies (one detailed monitoring
and the 17 data logger cases) were monitored by checking the balcony glazing’s open-
ness grade from outside at least once a month. The degrees of openness were classi-
fied as follows: balcony glazing fully closed, one of the glass panes in the ventilation
position, one glass pane fully open, more than one glass pane fully open.

100 %

80% 1 = More than one glass pane
70% fully open

60% m One glass pane fully open
50%

40% One of the glass panes in
30% ventilation position

20% B Balcony glazing fully dosed
10%

0%

January May

Figure 56. Use of balcony glazing at research sites in January and May 2010.
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The monitoring suggested that in most cases, the balcony glazing is kept fully closed in
winter, and with at least one glass pane ajar in summer (Figure 56). In January, under
severe frost conditions, 84 % of the balcony panes were either fully closed or only one
pane was ajar. On hot summer days, there was at least one pane fully open in 59 % of
the cases. Jari Heikkila [18] got similar results when conducting an extensive survey of
the occupants of such flats. According to his data, almost 90 % of glazed balconies
were kept fully closed in winter and approx. 80 % were kept partly open in summer.

In connection with the balcony glazing follow-up study, it was noticed that in flats where
the balcony was used for smoking or some other quite cyclic activity, the openness
grade of the glazing varied significantly during winter. On the other hand, balconies
which were not used, or only used for storage purposes, remained at the same grade
of openness for quite long periods of time. The residents who made active use of their
balconies generally complied with the principles of energy efficiency — i.e., the glazing
was fully closed at sub-zero temperatures and at least one pane was open in hot sum-
mer days. The residents’ habits can be influenced by instructions, guidance and notifi-
cation, which would enhance the energy efficiency benefits of glazed balconies. The
user guidelines for balcony glazing should include instructions on energy-efficient use.

4.2.5 Additional findings on the monitoring study

The regular monitoring of the temperature behaviour in the balconies allowed them to
be ranked from the warmest to the coolest on a monthly basis. The results of this
monthly ranking could vary considerably from month to month. For example, balcony 9
was relatively cool in summer, being ranked 17" and 18" in July and August. However,
it rose from being 11", in October to being ranked the 6" warmest in December, and
the warmest of all the balconies in January. Then, in February, dropped back to 9.
However, not all the results fluctuated quite so erratically. For example, in building D all
the glazed balconies performed well. The reasons for the overall good results in build-
ing D were weak window insulation of the flat compared to the other reference data,
insignificant external shading and relatively airtight balcony structures.

The study showed that there was also glazed balconies, whose average temperatures
were only 1 - 2°C higher than the unglazed ones. There are obvious explanations for
this rather poor overall performance in those glazed balconies, such as good thermal
insulation of the building envelope, or very loose balcony balustrades. However, no
single factor impairing a glazed balcony’s energy efficiency. For example, good thermal
insulation completely cancelled out the energy-saving potential of the glazed balconies.
This required several factors, such as those observed building I.
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From the viewpoint of energy efficiency, the poorest balconies were located in Build-
ings B and I. Building B was built in the early 1970s, but renovated in the 2000s. The
balcony windows and doors had recently been renewed and the old balconies replaced
with new ones to improve the overall appearance of the building. The new balconies
had many glass surfaces, and were really loose structures. The balcony glazing in this
flat was always kept closed. Although there were reasonable explanations for the poor
thermal insulation of the balcony, the poor energy savings were still quite a surprise.
Building | is relatively new and characterised by significantly better thermal insulation
than its counterparts constructed in the 1970s. In building I, the balconies are protrud-
ing and have glazing on two or three of their sides. Balcony 16 in Building | is oriented
almost directly towards the east and the balcony glazing was always kept closed. With
regard to energy efficiency, the most inadequate balcony balustrades are those in
Building | and J. Their corrugated sheet metal balusters were rattled by the wind, and
the balconies were hot in summer, which occasionally caused significantly high indoor
temperatures in the glazed balconies. Moreover, the baluster was quite cold in winter,
which created an unpleasant feeling of a cold draft on the balcony during the winter
months.

The openess of the balcony glazing exerted a significant influence on the indoor tem-
peratures of the balconies. For example, in the cases of balconies 1 and 14, the balco-
ny glazing was either kept closed (balcony 1) or a pane was kept open (balcony 14).
Leaving one pane open lowered the balcony’s indoor temperature by 50 %. Neverthe-
less, the study does show that even in glazed balconies where one glass pane is kept
open, the temperatures are higher than they are in unglazed balconies both in the win-
ter (energy saving) and in the summer (overheating). For efficient ventilation in the
summer, two or more panes on two or more sides need to be opened. The resulting
through-draught allows more efficient cooling of the balcony in summer. For angular or
U-shaped balconies, which usually have a greater number of sides the through-draft is
easier to produce than for rectangular balconies which only have one open side

4.3 Dynamic energy simulations

4.3.1 Balcony glazing studies in Tampere

The sensitivity analysis showed that the heating energy consumption of the flat with a
glazed balcony was 3593.2 kWh, and for the unglazed one it was 4135.9 kwWh.. Thus,
the saving in heating energy was 542.7 kWh (13.1 %), which differs only slightly from
the values used in the simplified method (14.5 % and 545 kWh in Table 17). The rea-
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son for the difference is the climate data which was used. The base case for the sensi-
tivity analysis was calculated with the Helsinki-Vantaa test reference year (version
2012) and the base case for the simplified method was calculated with the ASHRAE
IWEC2 weather file.

Table 32. The energy-saving variations of different calculation variables and the calcu-
lation factors are shown below, and are ranked according to their Sl indices.

Percentual | Kilowatt- . .
. . - Slindex Calculation
Calculation variable savings _hourly sav- (%] o~
[%] ings [kWh]
34 | Blind in balcony glazing or window 2.8-13.1 114 - 548 79 % Figure 59

1 | Geographical location(climate condition) 10.9-42.2 217 - 749 74% a
22 | Openness of the balcony glazing 6.4-13.1 226 - 543 2% Figure 60
20 | Supply air intake solution 13.1- 25.9 543 - 1015 49 % b
11 | Balcony type (including depth change) 12.1 - 23.3 526 - 1156 48 % h
19 | Building ventilation type (air change rate) 13.1-23.2 418 - 543 44 % 5
17 | Balcony vertical position of the building 8.8-13.1 521 - 543 40 % 1
32 | Surfaces absorptivity (Balcony and exterior wall) 8.5-13.1 336 - 543 35 % [

8 | Balcony window U-value (A=3.3 m?) 8.7-13.1 315 - 543 34 % d

5 | Flat size (room number) 10.6 - 15.9 526 - 543 33% 2
12 | Width of balcony 12.2-17.6 505 - 738 31% i
14 | Glazing type (single, double or triple glazing) 11.3- 16.0 467 - 662 29 % k
16 | Balcony's relation to exterior wall 9.3-13.1 532 - 543 29% 4

9 | Balcony door U-value (A=1.9 m?) 9.8-13.1 369 - 543 25% e
24 | Designed heating capacity of hot water radiators 10.1-13.1 336 - 543 23 %

18 | Balcony horizontal position of the building 10.3-13.1 532 - 543 21% 1
23 | Building air leakage coefficient (at 50 Pa) 10.9-13.1 537 - 543 20%

21 | Unintended ventilation rate through balcony glazing 10.6 - 13.1 440- 543 19% |
25 | Heating system control curve position 10.9- 13.1 423 - 543 19 %
33 | Surface emissivity (Balcony and exterior wall) 13.1-16.1 543 - 662 19%
2 | Orientation of balcony facade 11.0-13.1 499 - 543 16 % g
7 | Standard of equipment and number of residents 11.8-14.1 521 - 548 16 %
15 | Thickness of glazing 11.7-13.1 483 - 543 11%
30 | Lambda value of balcony structures (W/m°C) 13.1-14.8 543 - 635 11%

6 | Room temperature 12.3-134 467 - 592 8 % 3
13 | Amount of glass in the parapet and balcony glazing 12.1-13.1 494 - 543 8 % j
27 | Building's heat delivery system 13.0-14.1 543 - 630 8%

10 | Balcony wall U-values (A=5.2 m?) 12.3-13.1 483 - 543 6 % f
28 | Heat losses from the heat delivery system to the flat 13.1-13.9 543 - 548 6 %
26 | Heating system summer shut-off 13.1-13.8 543 - 575 5%

4 | Balcony facade distance from the building in front 12.7-13.1 543 - 570 3% m
3 | Wind profile 13.0-13.2 537 - 543 2%
31 | Density of balcony structures (kg/m?®) 12.8-13.1 537 - 543 2%
29 | Specific heat capacity of balcony structures (J/kg°C) 13.1-13.2 543 - 548 1%

As has been said, there were 34 calculation variables with from 2 to 35 calculation
cases each, which meant a total of 156 calculation cases were simulated for the study
(Table 15). The range of percentual and kilowatt-hourly savings, the Sl indices and the
calculation factors for the simplified method are shown in Table 32. The factors relating
to the simplified method were chosen from the foremost variables in the sensitivity
analysis, and these are also dealt with below.
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4.3.1.1 The selection of the key performance indicators

Table 32 shows that there are many factors affecting a glazed balcony’s energy-saving
potential. However, the table also shows that while some of these variables have a
very significant impact on the energy savings, others are barely discernible. In addition,
it is clear that some of the variables are related to the same physical phenomenon, and
are therefore linked with each other. For example, the balcony’s size (variable 12), its
type (variable 11) and the U-values of the building envelope structures (variables 8, 9
and 10) are all affected by the level of conduction heat-loss in the building, as this con-
trols the amount of thermal energy which the balcony gets from the flat. Therefore, the
total significance of the building envelope structures is the sum of the window, door and
wall, whose significances are 34 %, 25 % and 6 % respectively, making a total of 85 %.
This alone is an important variable, regardless of the balcony type or size. The same
phenomenon applies to types of glazing (variable 14), although in this case, the heat
loss is from the balcony to the outside.

The three most significant single factors for energy saving are sun protection (e.g. a
blind in the balcony glazing or the flat window), the geographical location of the building
and the tightness of the balcony glazing (degree of openness). The sun protection is
also associated with the variable ‘Balcony facade’s distance from the building in front’,
as this can also produce shade for the building. The balcony glazing’s tightness relates
to ‘Unintended ventilation rate through balcony glazing’. With regard to external ob-
structions or shading, it should be remembered that whereas solar blinds (variable 34)
mounted on the balcony glazing only shade the glazed balcony, exterior shading (vari-
able 4) shadows the entire building, affecting glazed and unglazed balconies alike. Bal-
cony tightness (variable 2) is actually the most important parameter in Table 32, be-
cause if all the panes are open, it almost totally negates the energy-saving effects of
the glazing. The location of the building, (variable 1) is also one of the most important
factors in terms of the building’s heating need as Table 32 clearly shows. However, a
reduction in the building’s heating needs typically increases the cooling needs of the
building i.e. the importance of sun protection (variable 34).

Obviously, the characteristics of the building itself, and its ventilation system also have
a large impact on the energy savings. This is captured by variable 20 (Supply air intake
solution) and variable 19 (type of building ventilation and its ventilation rate). These
were the fourth and the sixth most significant variables in the review (Table 32). The
first of these has a direct impact on the preheating of the supply air, and the second
has an impact on the total energy consumption of the building. The flat's energy con-
sumption is also affected by its size and its position in the building (The balcony’s hori-
zontal and vertical positions in the building).
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Another important factor is the storage of solar radiation in the balcony structures. In
this case, the key factors are the colour of the surfaces (variable 32), balcony orienta-
tion (variable 2) and the amount of glazing on the balcony (variable 13). These were
the eighth, twenty first and twenty sixth most significant individual variables, respective-
ly. Other factors, such as the heating system (variables 24, 27 and 28) and its control
(variables 25 and 26) as well as the flat’s indoor temperature (variable 6) and its inter-
nal heat loads (variable 7) do not seem to be directly related to the energy-saving po-
tential of balcony glazing in themselves. However, these factors illustrate how the user
can easily reduce the energy-saving potential via unacceptable system settings, etc.
which lower the relative importance of balcony glazing in a building’s energy use.
Therefore, these variables are mostly ignored in the simple calculations (Article V). In
the next section, the results of the sensitivity analysis are discussed in more detail,
variable by variable.

4.3.1.2 Results from the sensitivity analysis
Exposure to solar energy and ambient environmental conditions

The location of the building is one key factor affecting the energy-saving potential of a
glazed space (key factor (a) in Figure 36). Its impact varied between 543 and 749 kWh
(10.9-14.9 %) in Finland, and was even greater across the whole group of simulated
cities (Figure 57). In contrast, the exposure to side winds, as well as external obstruc-
tions (key factor (m) in Figure 36) did not seem to have much impact on the end result,
even though they did seem to affect the balcony temperatures in practice (Article I11).
The reason for this may have been the modelling choices. To model the effects of ex-
ternal obstructions, the studied base-case balcony was placed in the middle of the
building and constructed with concrete side walls (not very exposed to wind); while the
external obstruction was a similar building placed between 15 m and 100 m from the
modelled building (the simulation steps were 15 m, 60m and 100 m). These obstruc-
tions did not significantly reduce the availability of solar radiation in the target flat in
spring and autumn. (Article 11)
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Figure 57. Impact of building’s geographical position (latitude) on the annual heating
energy savings achieved by a glazed space. (Article I1)

Glazing seems to have the greatest effect on south-oriented balconies, and the total
effect of the orientation of the glazing varied between 499 and 543 kwWwh (11.0-13.1 %)
(key factor (g) in Figure 36). The relatively low effects of the other energy-saving
measures compared to those of the location, are due to the specifics of the enclosed
glazed space under analysis (only 6.3 m? of glazing on one side) and the particularly
harsh conditions of the northern winters, in which hardly any solar radiation energy
enters the glazed space during the winter months. It was noticeable that closer to the
equator, and with a larger glazed area, the significance of glazing increases considera-
bly in any percentage-wise analysis. For example, in Barcelona, with a balcony glazed
on three sides, the heating energy-saving impact varied between 217 and 247 kWh,
which in terms of percentage is 19.4 to 42.2 %.(Article I1)

Flat size and usage habits

In the analysis of the impact of flat size (key factor (2) in Figure 39), the area of the
envelope (key factor (4) in Figure 39) was kept constant and only the number of rooms
inside the building was varied, depending on the case. From that perspective, the heat-
ing-energy savings varied from 526 to 543 kWh (10.6-15.9 %) according to the size of
the flat (from 45 m? to 83 m?). Although the savings in kilowatt hours are approximately
the same, the differences in the percentage saving (as a proportion of the total heating
costs) is greater, i.e. roughly similar savings in kilowatt hours are greater when ex-
pressed in terms of the percentage savings of the cost of heating a one-room flat than
they are as a percentage of the total heating costs for a three-room flat. (Article I1)

The temperature inside a flat (key factor (3) in Figure 39) obviously has an impact on
the building’s heating-energy consumption and the energy savings achieved by the
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balcony glazing. On the basis of percentual savings, the balcony glazing appears to be
most beneficial in buildings where indoor temperatures are kept as low as possible,
and vice versa on the basis of kilowatt hours. On the whole, the results varied between
467 and 592 kWh (12.3-13.4 %) due to changes in indoor temperature. The more ex-
tensive use of the room equipment (radio, tv, etc.) and the increased usage of the flat
accumulates internal heat loads, which reduces the need for heating energy. This is
reflected in lower savings in kilowatt hours, but increased savings in percentage terms.
On the whole, the impact of the room’s interior temperature on the kilowatt-hourly re-
sults was stronger than the effects of the balcony’s orientation or the presence of ex-
ternal obstructions. (Article 11)

Thermal losses in the building and glazed space

The insulation level of the structures between the building and the glazed space (key
factors (d), (e), (f) in Figure 36), such as windows, doors and wall, have a decisive im-
pact on heating energy-savings, since they largely determine how much energy the
space ‘receives’ from the flat. The criticality of the heat losses from the flat, i.e. the de-
nominator in variable G in Equation 3 is easy to see. By changing the insulation level of
the windows, doors and the wall from the level of the 1970s building to the new con-
struction level (year 2012) the energy saving potential with balcony glazing is reduced
from 13.3 % to 3.4 %. (Article II)

Balcony type, depth and width (key factors (h) and (i) in Figure 36) also have a consid-
erable impact on the heating energy-savings, meaning the best solution is a large re-
cessed balcony and the poorest, a small protruding balcony. A comparison of the im-
pact on heating energy-savings of a 3.0 m deep recessed balcony in a building with
poor thermal insulation (23.3 %) and that of a 1.5 m deep protruding balcony (3.4 %)
with good insulation, demonstrates the significance of the relationship between the
specific losses from the glazed space to the outside and the specific gain from the
building to the glazed space (variable G). The difference in the heating energy-savings
in the above cases was approximately 7-fold. (Article II)

The net impact of the increased number of glazed sides in the balcony (key factor (j) in
Figure 36) is slightly negative, which means that increased solar energy absorption
cannot quite compensate for the increased heat loss through the looseness of the glaz-
ing structures. If the air-tightness had remained the same, the net impact of the in-
creased glazing would have been positive. The analysis also showed that leaky low-e
triple glazing (solar protection glazing) in a protruding balcony saved slightly less heat-
ing energy than leaky single glazing (key factor (k) in Figure 36), even though the im-
provement of thermal insulation is usually beneficial. This means, in practice, that the
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most savings can be achieved with a low U-value and a high-g value. It was also no-
ticed that relatively airtight glazing with good heat-insulation has a greater impact on
recessed balconies than it does on protruding balconies. (Article II)

It is clear that how the heating energy-savings are expressed, i.e. in kilowatt hours, or
as a percentage of the total heating energy consumption of the flat, is very important.
For example, a flat situated in the top corner of a building consumed 1.75 times more
heating energy than a flat in the centre of the same building. This was due to greater
heat losses through the building envelope (key factor (1) in Figure 39). In terms of kilo-
watt hours, the heating energy-savings of the two flats are about the same, but when
they are expressed in percentage terms, the top corner flat has only half of the energy-
savings of the central flat, i.e. 6 % as opposed to 13.1 %. Therefore, an analysis based
on kilowatt hours is often more useful than a percentage-wise analysis, because it cap-
tures the real heating energy-saving impact of glazing. (Article II)

Intended and unintended ventilation of buildings and glazed spaces

The ventilation system and air exchange rate of a building (key factor (5) in Figure 39)
have a significant impact on the heating energy-savings achieved by balcony glazing.
In terms of kilowatt hours, the largest savings are attained in buildings with mechanical
exhaust ventilation and a high air-exchange rate. At lower air-exchange rates, internal
heat loads contribute more to heating the building, which reduces the heating need,
and the energy-economy benefits that can be derived from balcony glazing. In a per-
centage-wise analysis, again, the lower the air-exchange rate of the building, the
greater the savings attained. (Article II)

The heating energy-savings achieved by mechanical exhaust ventilation can be in-
creased considerably by utilising the glazed balcony as a supply-air pre-heater (key
factor (b) in Figure 36). Its relative significance is higher in the case of a protruding bal-
cony than a recessed one. The amount of supply-air and the air-tightness of the balco-
ny (key factor (l) in Figure 36) also affect the end result. Decreasing the amount of
supply air taken from the balcony by a third, reduces the heating energy savings from
the balcony glazing by approximately 28 %. Doubling the air leakage from a glazed
balcony reduces the energy savings by 11 %, and tripling the leakage reduces them by
19 %. The air-tightness of the balcony becomes more significant when less supply air
is taken from the balcony. (Article II)

The air-tightness of a building has an impact on the heating energy savings attained by
balcony glazing in other ways. In the worst case scenario, the supply air does not enter
the flat through the glazed space, as desired, but through an unintended leakage path
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(through some leak point). This reduces the heating energy saving of the building. (Ar-
ticle II)

The building’s heating system and its characteristics

The heat distribution method, the heat losses from the heat distribution, and the heat-
ing system shutting off for the summer season do not seem to have a significant impact
on heating energy-savings. However, in terms of overall economy, it is sensible to shut
off the heating system for the summer if the heating is not necessary in the building.
Also, the dimensioning and controls of the heating system and the settings of the room
thermostats affect the achievable heating energy-savings. In the case of an undersized
or improperly adjusted heating system, the occupant may have set the room thermostat
to a temperature that could not be attained in the flat. Then, part of the savings attained
by the installation of balcony glazing are wasted on an increased indoor temperature,
so the thermostat should be reset after the installation. (Article II)

Glazed space construction materials and material properties

The absorption coefficient of surfaces has a significant impact on heating energy-
savings (key factor (c) in Figure 36), because it determines how much solar radiation
energy is stored in the balcony and how much is reflected back to the outside (Figure
58). The impact is clearly visible even with glazing on just one side, but it is even clear-
er in the case of glazing on several sides. The impact of emissivity is not as high, since
the emissivity of the coatings of balcony structures generally used in Finland does not
vary as much as the absorption coefficients. As a rule, however, surfaces of high ab-
sorption capacity, but low emissivity, should be preferred. (Article 11)
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Figure 58. Solar energy absorptivity of a glazed space in relation to the amount of glaz-
ing and surface absorption coefficient (Article I1).

The density and specific heat capacity of the balcony structures have no impact on the
heating energy-savings achieved by glazing, even though the specific heat capacity
has a clear effect on the daily temperature variation inside the glazed space. By con-
trast, the thermal conductivity of the structures has an impact on heating energy-
savings because it improves the thermal insulation capacity of the structure. However,
the effect is rather modest. (Article )

External obstruction and solar shading

In the window blind simulations, blinds were installed on the windows of both the flats
and the glass panes of the glazed balconies. The blinds were assumed to be used
throughout the year and remain always closed to facilitate the calculations. The results
show that window blinds, if installed only to the flat windows, have virtually no impact
on heating energy savings, although they increase the total heating energy consump-
tion of the building in the same way an external obstruction does. By contrast, balcony
glazing blinds have a large impact on heating energy-savings if they are kept closed for
the entire heating season (Figure 59). This is because permanently closed blinds on
balcony glazing shield the adjoining flat from solar radiation.
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Figure 59. External and internal glazing blind factors for balcony temperatures and
heating energy saving effects.

Figure 59 clearly illustrates the blinds’ ability to prevent solar radiation penetrating into
the glazed balcony. This cooling effect can be increased in summer by airing the bal-
cony through the glazing. Figure 60 gives an estimate of the total cooling effect of a
glazed balcony with blinds and airing in use. With a little further calculation, by adding
the calculation factors from Figures 59 and 60 to Equation 7, it can easily be demon-

strated that overheating problems can be handled with blinds and airing in Nordic cli-
mate conditions. (Article I)
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Figure 60. Openness grade factors for balcony temperatures and heating energy sav-
ing effect.
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Conclusion

All in all, the sensitivity analysis shows that the assessment of a glazed balcony’s en-
ergy-saving potential must start from the type (heating or cooling demand) and size of
the building’s energy needs. If there is a significant heating need in the winter, as there
is in Finland, the primary focus of the design is on energy-efficient technical choices for
the building itself (the building must be energy efficient) and not the balcony. In such
cases, the design of the glazed balcony is subordinate to the overall goal of making the
building energy-efficient. This means that the building is first optimized for energy effi-
ciency, before the balcony is designed. The later design phases can focus on the heat
balance of a glazed balcony (equation 3) i.e. the relationship between the specific loss-
es (mainly from the balcony to outside) and the specific gain (mainly from the building
to the balcony in the winter when there is no solar radiation available). The main pa-
rameters for optimizing the specific gain are the properties of the building and the bal-
cony (U-values of the envelope structures, balcony type and size, etc.). There are other
factors, such as solar radiation absorption (surface colors, balcony orientation, and the
amount of glazing) which also affect to the specific gains. The overall design should
also take sun protection into account, even in northern climates. The ideal design solu-
tions for balcony glazing should prevent the overheating problems in the glazed balco-
ny, as this affects both the balcony user’s comfort and building’s indoor climate. Obvi-
ously, this is particularly important in southern climates, or in buildings with high cooling
needs.

4.3.2 Added glazing study in Malmd

This section presents the results of the added-glazing simulations. The purpose was to
identify the key factors which could reduce the energy demand of the building using the
various energy-saving measures available. For example, the energy-saving measures
may make the cavity space too hot in the summer, which would result in uncomfortably
high temperatures in the student flats inside the building. In order to eliminate, or at
least reduce this effect, different cavity-cooling options were adopted and their effects
were evaluated.

4.3.2.1 Evaluation of the different heating energy saving measures
The number of glazed facades

It comes as no surprise that the heating energy savings in the Malmé building were
directly related to the amount of glazing. For example, the heating energy saving was
5.6 % with one (south) glazed facade, and 10.4 % with the three (south, west and east)
glazed facades together. Interestingly, the average temperature of the cavity space
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was highest when only the south side was glazed (6.4 °C), but was lower when three of
the building facades were glazed (5.7 °C). In the summer, the temperature in the flat
was closely linked to the temperature in the cavity space. Adding the glazing only to the
southern side of the building increased the flat's operative temperature by 1.0 °C, from
25.7 °C t0 26.7 °C (Flat 1). The temperature rose by a further 0.1 °C when the eastern
facade glazing was added (26.8 °C), and by a further 0.1 °C after the western facade
glazing was added (26.9 °C). (Article V)

Effect of the glazing’s U-value

The thermal insulation level and the g-value of the glazing structures was directly linked
with the cavity space temperatures and the temperature of the flats. It was also notable
that the highest temperatures in the cavity space and Flat 1 were achieved with the
solution that produced the highest heating energy-saving effects. A particularly good
approach to choosing the best glazing solution for a whole facade is to look for a low U-
value and a high g-value. This design criterion was also found to be beneficial in Article
Il. In the studied cases, argon filled triple glazing (U=1.7 W/m?°C and g=0.63), was the
optimal heating energy-saving option (22.1 % savings). (Article V)

Effect of the cavity depth

The benefit of an increased cavity depth was not clear. For example, the heating ener-
gy-savings with single vertical glazing and double horizontal glazing increased in direct
proportion to the depth of the cavity, which meant that solar heat gain grew faster than
the space’s thermal losses as the depth of the cavity was increased. However, the ef-
fect was different with low-energy solar protection glazing (U=0.7 W/m?°C and g=0.24).
The optimum depth with this type of facade glazing was between 0.38 m and 1.5 m.
This confirms that the optimum depth is solution-specific. (Article V)

Ventilation air supply from the cavity

The results showed that taking the ventilation supply air from the cavity space was not
always clearly beneficial from an energy-efficient point of view. In the case of single
clear glazing (the actual implemented solution), taking the ventilation air from the cavity
actually increased the heating energy demand by 14 kWh. It seems that the heat re-
covery efficiency of 82 % in the building ventilation unit was so high that there were
only short periods during midwinter when the cavity space’s ‘extra preheating capacity’
was needed. That being so, it seems that it may be better to warm up the incoming air
with a heating coil than use cavity air, because using the cavity air has the effect of
lowering the cavity temperature (by 0.1 °C during the heating season) which increases
the building’s conduction losses through the brick wall between the building and the
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cavity. This difference, although small in terms of kWh, is interesting. Triple clear glaz-
ing, however, (U=1.7 W/m?°C and g=0.63) decreased the heating energy demand by
38 kWh. These results show that optimizing the use of the cavity air for the ventilation
supply air requires more detailed analysis with various glazing solutions, as stated in
Article V.

When the heat recovery and the heating coil were shut off, the heating energy demand
decreased clearly when the supply air was taken from the cavity. The heating energy
demand decreased still further when double or triple glazing were used instead of sin-
gle glazing. In conclusion, the benefits of using the cavity air for the ventilation system
in connection with mechanical exhaust ventilation are strongly confirmed. (Article V)

4.3.2.2 Evaluation of the different cavity cooling measures (summer situation)

All the calculation cases are shown in Figures 61 and 62, and these are discussed in
more detail below. Case 1 represents the situation without added glazing, while Cases
24-63 represent different cooling options. (Article V)
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Figure 61. Boxplot graphs from Case 1 (building without added glazing) and the cavity
cooling cases 24-63. The horizontal lines represent the minimum, median and maxi-
mum values (viewed in that order from the bottom to the top) of the current cases and
the grey area is where 50 % of the values were concentrated. (Article V)

The results of the energy-saving studies showed that the mean and operative tempera-
tures in Flat 1 rose during July in the majority of cases. For example, the single glazing
added to the building’s three facades (Case 4) raised the monthly mean operative tem-
perature by 1.2 °C, double glazing (Case 9) raised it by 3.0 °C, and triple clear glazing
(Case 15) by 3.8 °C compared to the case without added glazing (Case 1). A compari-



170

son of Cases 1 and 46 also shows that the overall temperature situation inside Flat 1
was poorer in summer after the renovation, even though the renovation solution includ-
ed airing through the two cavity windows, the mechanical exhaust from the south fa-
cade’s top gable and the air supply through the ground duct system. In the summer,
the cooling solution in the Malmd building simply could not cope with the warming ef-
fect of the added insulation and the thermal storage effect of the glazing.
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Figure 62. Calculated degree-hours over 23 °C. The degree-hour values are calculated
simply by summing up the differences between the actual hourly temperatures and the
reference temperature from the moment the temperature is over 23 °C (the reference
temperature). (Article V)

Individual comparisons of the cavity space cooling options

Mechanical cooling with the air supply taken through the ground duct system alone
lowered the cavity temperature by 1.1 °C. Opening the vents (windows) at the top of
the south cavity lowered it by 0.4 °C, and mechanical cooling with the mechanical ex-
haust unit lowered the cavity temperature by 1.1 °C. Improvements in each of the indi-
vidual cavity-cooling methods also had an effect. Increasing the size of the windows
from 0.5 m? to 1.5 m? (Case 27) lowered the cavity temperature by 0.5 °C. Speeding up
the mechanical exhaust rate from 150 I/s to 450 /s (Case 30) and increasing the air
supply through the ground duct system from 150 I/s to 450 I/s (Case 33) lowered the
cavity temperature by 1.6 °C and 2.7 °C respectively. When the ground duct system
with the enhanced ventilation rate (Case 33) was used, the cavity space’s mean tem-
perature was 0.6 °C below the 25.5 °C room temperature and the mean operative tem-
perature was 0.2 °C below the base-case operative temperature level. This was the
first case which was better than Case 1 (Figures 62) from the overheating point of view.
(Article V)
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The effect of the combined use of cooling methods

The most efficient combination of the two individual cooling options was a combination
of the ground duct system and the mechanical exhaust ventilation with tripled supply
and exhaust air flows (Case 39). In this case, the cavity space temperature was 0.4 °C
cooler than when using the ground duct system with enhanced ventilation rate alone
(Case 33), i.e. the combination of mechanical exhaust and the ground duct system
slightly improved the situation inside the cavity. This confirms that it is possible to pro-
duce a similar or even better indoor climate for the flats with the actual implemented
solution, if the cavity supply and exhaust air volumes were to be tripled. (Article V)

Effect of an alternative cooling solution and changing the depth of the ground
duct

The analysis showed that the use of integrated blinds added to the front or back of the
glazing to cover the whole glazed facade (Cases 47-54 and Cases 57-60) considerably
lowered the indoor temperatures inside the flat. Figure 62 showed that both internal
blinds (Case 47), and, in particular, external blinds (Case 48) could give better indoor
temperature conditions than the implemented solution (Case 46). This is due to the fact
that the blinds shaded the building’s external wall and windows very effectively. As said,
it is the external blinds, in particular, which seemed to have the most decisive effect on
the flat’'s temperatures. Thanks to these blinds, the cavity space’s mean temperature
was lowered to 22.7 °C, which is a full 6.0 °C lower than the cavity temperature of Case
24, the case without cooling. In turn, Flat 1's mean operative temperature was 2.8 °C
lower than in the case without added glazing (Case 1). With interior blinds (Case 47)
the difference was not so great, but still effective. Although the cavity space’s tempera-
ture only dropped slightly (-0.2 °C) compared to the case without cooling (case 24), the
mean operative temperature situation inside the building fell by 1.0 °C compared to
case without glazing. This means that, especially if the cavity space is intended to be
used as a living area, such as a summer terrace or a conservatory, (which would be
possible if the cavity’s depth is over 1.5 m), it would be best to use external blinds. (Ar-
ticle V)

The current cooling system could definitely be improved by adding blinds, and further
improved by enhancing the ventilation rates, as was done in Cases 53-60. However,
the ventilation effects are not nearly as significant for the flat's temperatures as are the
blinds themselves. For example, with external blinds alone (Case 48) it is possible to
achieve a 22.9 °C mean operative temperature inside the flat (2.8 °C lower than in case
1). Combining this with all the other cooling methods, i.e. enhanced ventilation rates
and increased openable window area (Case 54) it was possible to achieve a mean
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operative temperature inside Flat 1 of 21.9 °C (still 1.0 °C lower than Case 48). Inter-
estingly, with the external blinds it is possible to achieve 20.3 °C (Case 54), 20.9 °C
(Case 59) or 21.8 °C (Case 57). The mean cavity temperature had overheating levels
of 94, 323 and 467 degree hours respectively, with a 23 °C overheating criterion (Fig-
ure 62). All of these cases represent comfortable living temperatures. There are other
external shading cases (cases 48, 50 and 52), which also stand out clearly on the
graph (Figure 62). (Article V)

Increasing the depth of the duct from 0.5 m (case 32) to 3.0 m (case 55) decreased the
cavity space temperature by 0.2 °C, and the mean operative temperature in Flat 1 by
0.1 °C. By increasing the air volume passing through the deeper-set duct (Case 61) the
cavity temperature was lowered by 2.9 °C, which clearly demonstrates that the air-
change rate is a much more important factor than the duct depth in this situation. How-
ever, it is important to remember that the ground duct system is modeled as an under-
ground rectangular zone group in which the different volumes are connected to each
other but with a constant coupling to the ground temperature, i.e. the ground tempera-
ture is independent of the depth of the pipe. Changing the depth of the pipe in the
simulation model only took into account a U-value calculation of the ground layer be-
tween the pipe and the earth’s surface (the bottom and vertical sections’ U-values were
constant). This rather simple model treats the pipe as a number of volumes and does
not model the two- (or actually three-.) dimensional problem of heat transfer in the
ground. Consequently, developing an accurate model of the ground duct system in
IDA-ICE appears to be one possibility for follow-up research. (Article V)
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4.4 The simplified calculation method

4.4.1 Accuracy of the method

The analysis showed that the simplified method can profitably be used to demonstrate
the energy-saving impact and the mean, maximum and minimum temperatures for dif-
ferent types of glazing solutions during the preliminary design stage. The method is, in
principle, intended for calculating the impact of individual glazed balconies during the
preliminary design stage. It can be used for all types of glazed balconies and flats in
which such calculation factors are involved. The reason for this is that the variables are
selected from factors with a high tolerance of variation. Thus, the simplified calculations
can reliably predict the energy-saving potential of different glazing solutions, and the
effects on the indoor temperatures of the glazed space, in all situations. The accuracy
of the method is, however, affected by the number of changes made from the original
starting point, which was a typical 1970s apartment block in Finland. Neither does the
simplified method take into account the need for, or addition of, a cooling system, as
the energy savings only apply to savings in heating energy. (Article 1V)

The calculation coefficients were derived by changing the simulation parameters one at
a time and by adjusting the results proportionately to those of the base case. The deri-
vation was simplified because all the possible combinations of the 13 balcony variables
and the 5 flat variables would have been quite extreme to simulate, since even one
simulation is pretty time-consuming. Consequently, the derived factors describe a sit-
uation where only one aspect has been changed. Their concatenation in the simplified
calculation method will cause error, because some coefficients are dependent on each
other. (Article 1V)

As a general rule, the simplified method is reasonably reliabile if it is not used for com-
paring balconies with different positions or flats of different sizes but is rather used to
optimize the energy performance of a chosen balcony. The systemic error of the meth-
od is not too great if the total number of deviations from the base case is less than nine,
and there is only one deviation for the flat. If the design includes two deviations from
the base-case flat, the total number of changes to the balcony should be limited to sev-
en, and if it has three deviations from the base case, then the balcony should have no
more than 5 deviations. The method is more sensitive to deviations from the base-case
flat than for the balconies: for instance, if both the flat’s size and position deviate, the
error is exacerbated if further deviations are made from the base-case balcony. (Article
V)
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Although it was not possible to totally eliminate the variables’ dependence on each
other, the benefits of the simplified method outweigh its drawbacks as it is clear, easy
to understand and quick to use. For example, Figures 36-39 show the effects of differ-
ent variables in a very graphic manner. If they are taken into account in balcony design
from the start, the number of changes required to the base case is reduced so that it
rarely exceeds seven. In other words, the key factors for estimating heating energy-
savings and predicting the interior temperatures of glazed spaces are easy to under-
stand, and this information can be taken advantage of even without calculations. Fur-
thermore, using the simplified method does not require in-depth knowledge of building
physics or a deep understanding of the simulation software. Instead, any basically-
trained engineer or architect can perform the calculations. This should encourage the
use of the method in practical design work, allowing easy energy-engineering for
glazed spaces. (Article IV)

4.4.2 Error analysis

Numerous simulations were carried out during the development of the simplified meth-
od. The challenge was to find the most suitable modelling method for the intended pur-
pose. The aim was to make a model in which all changes could be made in such a way
that: a) changes to all the parameters of the model are possible, and b) a change in
one parameter does not affect the other parameters. Different balcony orientations
were also examined (North and South, with or without shading). The practice showed
that the calculation coefficients with the south-facing base-case gave the best correla-
tion with respect to the IDA-ICE simulation. As a general rule, in Finland the balconies
should face the south, as this is beneficial in terms of energy saving, the indoor climate
and the usability of the glazed space. Therefore, the base-case’s southern orientation
is justified in this regard. (Article V)

The largest relative errors of the calculation tended to occur in situations where the
heating energy-savings were small, while the largest absolute errors occurred in situa-
tions where the heating energy-savings were great. In practice, this means that the
larger heating energy-savings are underestimated and the smaller savings are overes-
timated. A similar trend was observed in the temperature results, although it is not as
evident. It seems that the accuracy of the method in general is not highly dependent on
the number of variables changed, but more likely, the derivation of the coefficients for
the simplified method. The most accurate results were obtained in cases that deviated
only slightly from the base-case. (Article 1V)
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4.4.2.1 Balcony deviation

When only allowing deviations for the balconies, the largest error for heating energy-
savings occurred in cases that had only three deviations from the base case, while the
largest error for the simulated minimum temperatures occurred with five deviations.
Major errors arise in situations where either the building’s overall heating energy con-
sumption level (e.g. a clearly different location than the base case) or the balcony’s
heat balance (increased heat loss from balcony to outside, reduced heat loss from flat
to balcony and/or reduced solar energy absorption) is significantly different from the
base case. In the simplified method, the heat loss level changes are examined sepa-
rately for windows, doors and back walls, although observing the total heat loss levels
would give more accurate results. The multiplied effects of those changes result in
higher balcony temperatures than in the simulations. The combined effects can also
produce errors when the size or type of balcony, or the U-values of the windows, doors
or walls are changed. This is because the proportional changes of U-values are com-
pared to the base model situation, which is a 4 m wide protruding balcony. In recessed
balconies, for instance, there is a larger combined area of the flat's exterior walls, so
the windows and doors represent a smaller proportion of the total heat losses. The co-
efficients of the simplified method cannot take these differences into account. Error can
also occur if the length of the balcony differs from the base case, but the proportions of
the windows and doors do not change in the same proportion. However, recessed or
very wide balconies are rather rare in Finland, so the simplified method’s reliability is
good for most typical cases. In addition, it was necessary to provide the U-values sepa-
rately for windows, doors and back walls, because these structural parts are often ren-
ovated independently of each other. (Article 1V)

Variables linked to angle-dependent solar radiation, like the balcony surface absorption
coefficient; the balcony orientation; external sun protection or obstruction; and the
building’s location, are critical. For example, the external shading and balcony orienta-
tion is the more critical, the darker the surface, and vice versa. In this case, the change
in the exposure to solar radiation (either by external shading or a change of orientation),
together with the change in the absorption coefficient, give a slightly distorted result.
When it comes to external shading, it should be remembered that the availability of
solar energy is also directly dependent on the orientation of the facade. If both factors
are taken into account, for example, in a north-oriented recessed balcony case, an er-
ror occurs, because they are modelled separately and proportionally to the south-facing
balconies in the sensitivity analysis. As a result, their combined effects appear to be
greater than they are in reality. Due to this challenge with the assessment of the effect
of the external shading and orientation, the simplified method takes shading into ac-
count as an optional parameter separated from the basic variables. Additional options
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are also shown in Figures 59 and 60, which allow the evaluation of the air movement
and glazing blinds to the balcony maximum temperatures in the summer. (Article V)

Another factor in the method which causes uncertainty is the supply air inlet solution,
because its proportional effect with a protruding balcony (base case) is less than that of
a recessed or semi-recessed balcony. It would have been possible to rectify this effect
with a correction factor, but it has not been done in order to retain the simplicity of the
method.

4.4.2.2 Balcony and flat deviation together

Deviations from the base-case flat’s properties do not seem to have major implications
for the mean and maximum temperatures, but they do have clear impacts on the per-
centual and kilowatt-hourly heating energy-savings as well as on minimum tempera-
tures. The results also show that the magnitude of the error is directly proportional to
the number of deviations in the flat from the base case. The cases with only one devia-
tion from the base-case flat's variables result in only a minor additional error, but even
two and three deviations can noticeably increase the error if the balcony also deviates
significantly from that of the base case. On the whole, flat deviations cause larger cal-
culation errors than balcony deviations. (Article 1V)

The results also show that some cases already have a lot of error due to the balcony’s
deviation, but these are even less accurate if the deviations from the base-case flat are
added in. In those cases, the systemic error of the calculation method is magnified.
Furthermore, the results show that changing the flat’s size and the position of the fa-
cade simultaneously can also be a major source of uncertainty. In addition, major dif-
ferences with regard to ventilation (e.g. supply and exhaust ventilation with heat recov-
ery) coupled with significant deviations from the base case’s heating energy consump-
tion (e.g. location in Bremen) can cause significant errors in the results. The simplified
method may even give them an incorrect ranking if, along with several balcony devia-
tions, two or more changes are made to the flat. Three cases behaved like this. This
indicates that the simplified method is not, in principle, designed for comparing the per-
formance of balconies in different parts of the building or for flats of different sizes.
However, it is good for optimizing the energy performance of a balcony, when the ad-
joining flat is already known. In such situations, the simplified method is capable of in-
dicating the correct ranking of different options, even though the results do have some
uncertainty. (Article IV)
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5 Conclusion

5.1 Main outcomes of the research

Literature review

The literature review showed that in recent years there have been markedly few stud-
ies or analyses of the temperature behavior of glazed spaces and their energy-saving
potential in the Nordic climate. In addition, those studies that have been carried out
have usually been quite narrow in focus, and have rarely dealt with the type of frame-
less single glazing most commonly used on balconies in Finland. The literature review
also reveals that the DSF solutions used so far in Finland and Sweden have not really
been optimized either. Because of the above, and the generally poor awareness of the
benefits of glazing, the construction techniques and the seasonal use of glazed spaces
have not been optimized in terms of their energy-saving potential, or their tendency to
cause overheating in summer. Thus, simple tools for assessing the effect of glazed
balconies on energy consumption and the indoor climate in residential flats will be of
great benefit to the optimal utilization of Finnish housing stock.

The glazed spaces in this study are non-heated outdoor spaces which receive their
‘heating’ energy from outside. The two primary heat sources are solar radiation energy,
and the adjoining building’s heat losses. Obviously the intensity of both heat sources
varies significantly depending on the time of day and the season. The building’s heat
losses are the greatest during the coldest days of winter, while the solar radiation is
strongest in the summer [19]. According to the literature review, the relationship be-
tween the heat losses from the glazed space to the outside and the heat gain from the
building to the glazed space (equation 3) are the main factors that determine the tem-
perature level of the space during the winter months at high latitudes [20]. This rela-
tionship includes the air leakage through the glazing, which has a marked impact on
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the temperature of the glazed space. Ventilation with outdoor air removes a significant
proportion of the energy absorbed and consequently lowers the temperature of the
sunspace [173].

It is also important that the space is oriented towards the equator (+30°) and that dark
surface colors with high solar absorption [20] are used. It is also advisable to supply the
inlet air through the glazed balcony in winter, and thus use the glazed balcony as a
supply air pre-heater, if the building is equipped with a mechanical exhaust ventilation
unit or if the building is naturally ventilated [48, 64]. However, if the air supply and the
exhaust ventilation unit are linked with an efficient heat-recovery system, then it is more
efficient to use that [28]. The absence of shading can lead to overheating problems in
rooms adjoining the balcony, and such overheating problems can be intensified if the
supply air comes from the glazed space in the summer. However, excessive indoor
temperatures can be prevented by using an appropriate solar shading solution [65] and
by increasing the airflow (by opening the balcony glazing) [73]. If there is a supply air
inlet from the glazed balcony to the flat, it is advisable to shut it off in the summer [62].

Air temperature measurements are a useful method for evaluating the functionality of
the passive solar design of a sunspace. They reveal the dominant pathways of heat
gain and loss and give an indication of thermal buffer effects and thermal comfort [69,
70]. By combining those measurements with internal and external surface temperature
measurement, it is also possible to reveal a structure’s ability to store and release heat
energy, and to get some kind of indication of the real energy-saving potential of the
glazed space. However, several studies have highlighted the difficulty of taking accu-
rate on-site measurements, and this is critical if the measurements are used as an in-
put parameter for simulation software (indirect error) and simulation results compared
with monitoring data (direct error) [75]. However, there is no formal and recognized
process for calibration simulation [98]. Trial and error seems to be the most common
method, so that is what had to be used for this study. The result of this kind of process
is highly dependent on the user’s skills and judgement [93].

In practice, the purpose, method and level of calibration depends on the intention of the
project, the intended use of the model and the user's experience. It also, of course,
depends on the budget. The calibration methods can be classified into the following
four main categories [102]: 1) manual, iterative and pragmatic approaches; 2) graph-
ical-based methods; 3) special test and analysis procedures; and 4) automated analyti-
cal and mathematical approaches. It is also essential to define the level of calibration
needed right at the beginning of the calibration simulation study (Table 2). It is also vital
to verify that the available building information is adequate for the current purpose.
Once the calibration level has been defined, to the researcher should define possible
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error sources and carry out an uncertainty analysis. According to the Heo [109], four
main categories for uncertainties are scenario uncertainty, the building’'s physi-
cal/operational uncertainty, model inadequacies and observation errors (Table 3).
These error sources have been evaluated in this study according to criteria in the
ASHRAE Guidelines 14 [116] for building-energy simulation models ( Articles | and V)
(Table 4).

There are many whole-building simulation tools available on the market. One of these
tools is IDA-ICE software, which has previously been validated by many accepted vali-
dation procedures. Here, its suitability for evaluating the key physical phenomena oc-
curring in a glazed space are evaluated. Due to the proven accuracy of the software, its
user-friendly interface and continuous development with Finnish technical support (de-
veloped and maintained by EQUA Simulation AB [176]), the IDA-ICE was the natural
choice to be used as an analysis tool in this thesis. The IDA ICE symbolic equation
structure provides a relatively easy way to extend the existing model’'s functionality
[129] and the software can be used, for example, for complex ventilation control sys-
tems, as described in article V. The selection of IDA-ICE as the simulation tool for this
study is well grounded.

Monitoring studies

The monitored results of 22 balconies showed that the temperature of both glazed and
unglazed balconies is above the outdoor temperature almost throughout the year. On
average, the temperature of the unglazed balcony was 2.0 °C higher, and that of the
glazed balcony 5.0 °C higher than outdoors. Overall, the temperature difference be-
tween a glazed balcony and the outdoor air ranged from -5.8 °C to 29.6 °C during the
measurement period. The cooler balcony temperature occurred for a brief period when
there was a rapid increase in the outdoor temperature in winter (balcony 7), to which
the balcony with concrete structures reacted after a short delay. The dramatically high-
er balcony temperatures occurred after a period of very intense solar radiation in spring
(balcony 3). It was also noticed that in some balconies the temperatures exceeded
20 °C for the first time in early March, and for the last time in mid-October. On average,
glazed balcony temperatures exceeded 20 °C from mid-April to mid-September and
unglazed balcony temperatures from mid-May to mid-September. This shows that the
average usage time of glazed balconies exceeds that of unglazed balconies by a more
than a month, while in the best case scenario this could be 2.5 months.

Based on temperature differences, balcony glazing had a significant influence on the
structure’s heat loss on the balcony side. Heat loss through the balcony window de-
creased by 22%, through the balcony door by 15 %, and through the balcony wall by
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18 %. In the mid-winter, the decrease in heat loss for glazed balconies was lower, but
still significant: balcony window, 18 to 19 %; balcony door, 10 %; and the balcony wall,
17 to 18 %. The impact of solar radiation can be seen from the monthly balcony win-
dow energy savings. In March, the heat losses of the balcony window of a flat with a
glazed balcony were 23%, in April 25%, and in May 34% lower than from the flat with
the unglazed balcony.

The lowered heat losses have a direct impact on the flat's indoor temperatures. On
average, flats with glazed balconies were 0.5 °C cooler than flats with unglazed balco-
nies. The temperature difference was lowest in July-August, and greatest in March.
The average temperature difference of flats with glazed and unglazed balconies was
0.4 °C in autumn and to 0.6 °C in spring. The temperature difference between the flats
increased as the temperature difference between glazed and unglazed balconies in-
creased, and vice versa. It can thus be said that balcony glazing reduces a flat's heat
losses and reduces the temperature in the adjacent room by 0.5-1.0 °C, with no loss in
thermal comfort. The reduction in heat losses and the lower indoors temperature result
in energy savings.

The field monitoring results showed that the main factors affecting the balconies’ indoor
temperatures seem to be the air-tightness of the glazing, the solar absorption, and the
building’s heat losses, in that order. Air-tightness was the most crucial factor since it
affected the results all year round. Solar radiation was significant only in spring, sum-
mer, and autumn because of Finland’s high latitude. The heat loss from the building to
the balcony was most relevant in mid-winter, when the difference in temperature be-
tween the building and the outdoors could be as high as 60 °C. In mid-winter, a glazed
balcony (as opposed to an unglazed one) brings the benefit of being able to store the
heat loss from the building inside the balcony.

The use of balcony glazing also had a significant influence on the glazed balcony’s
indoor temperatures. For example, in the case of balconies 1 and 14, the balcony glaz-
ing was either kept closed (balcony 1) or one pane was permanently open (balcony 14).
The open pane lowered the balcony’s indoor temperature by 50 %. On the other hand,
the study also suggests that on balconies where one glass pane is kept open, the tem-
peratures are still higher than they are on unglazed balconies in both the winter (energy
saving) and the summer (overheating). For the most efficient ventilation of a glazed
balcony in the summer, more than one pane or panes on several sides should be
opened.

The temperature difference between the cavity space and outside was higher in the
Malmo case building than in any of the Finnish balconies. The main reason for this was
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the glazing’s air-tightness, which was significantly better in Malmé than it was on the
Finnish glazed balconies. It is also worth noting that a carefully-designed glazed space
will warm up easily when exposed to solar radiation and may consequently adversely
impact on the adjacent living space’s thermal comfort in summer time. However, this
problem can be solved by increasing the air flow of the cavity space and/or adding new
window blinds to the front or back of the glazing.

The study showed that the influence of balcony glazing is more significant in recessed
balconies than in protruding ones because the former gain more from the building’s
heat losses, and lose less heat to the outside through the leaky glazing structures (Fig-
ure 8). It was also observed that the higher the energy-saving effect of the glazing, the
greater the total heat loss reduction of the balcony door, window and back wall, which
suggests it would be best to glaze the older Finnish balconies whose buildings general-
ly have higher heat losses, than new buildings. The studies also showed that the big-
gest difference between glazed balcony temperatures was caused by the air tightness
of the glazing, which varied considerably, particularly with regard to the balustrades
(Figure 54). As a consequence, reducing the air gap is the primary energy-saving
measure for existing glazed balconies. Another cost-effective action is to re-paint the
balcony’s inner surfaces in order to increase the balcony’s absorption of solar radiation.
Because of the lack of structural air-tightness in balcony glazing solutions, less atten-
tion needs to be paid to the properties of the glazing itself - particularly in the case of
protruding balconies. However, if there are plans to improve the properties of the glaz-
ing, e.g. in connection with double skin facades or recessed balconies, then a good
overall solution can be achieved with a low U-value and a high-g value (Articles 1l and
V). In designing new constructions, the measurements should be more comprehensive,
for example, by using the simple calculation method.

Simulation accuracy

In the beginning of the simulation study, different error sources such as scenario error,
the building’s physical/operational uncertainty, model inadequacy and observation error
were analyzed, and the modeling method was developed by trial and error. Scenario
error included errors about the outdoor weather conditions and the building’s usage
and/or occupancy schedules. Building physical/operational uncertainty analyses in-
cluded errors in estimation of the building envelope’s properties, internal gains and
HVAC systems, as well as operation and control set-points. Model inadequacy included
errors in the modeling assumptions and in the simplifications of the model algorithm.
The observation error was the final phase, and included an estimation of the metered
data’s accuracy.
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Despite the many uncertainties, most of the sensors (18/20) in the glazed balconies
fulfilled the ASHRAE calibration criteria for MBE and CV(MRSE) in the simulation. The
sensors outside the calibration criteria (sensors 112 and 204) were both external sur-
face sensors and placed on the lower part of the structures (exposed to the solar radia-
tion). Nonetheless, the glazed balcony, and the adjoining flat’'s surface temperatures
correlated really strongly with the simulated values; the correlation with the external
surface temperatures was =0.97 and with the internal surfaces it was and =0.91. The
‘goodness of fit' of the monitored balcony data and the simulated glazed balcony and
their respective flat surface temperatures was good overall, and the model can be re-
garded as a ‘calibrated model’. When looking at the results from the Malmé case study
as a whole, it can be also said that calibration results are good, because 83 % (10/12)
of the surface temperatures sensors fulfill the ASHRAE calibration criteria for MBE and
CV(RMSE), as do 67 % (8/12) of the cavity mean air temperature sensors. In this re-
gard, it can be concluded that the monitoring sensors on the whole are more indicative
of the external surface temperature of the brick wall than the cavity air temperature.
The 83 % fulfillment also confirms that the model can be considered as a ‘calibrated
model’ and the results are reliable for further analysis.

The literature review suggest that the most accurate results can be achieved by using
detailed window and zone models. However, it was found that the difference between
modeling methods does not have much influence in practice. This is because of at
least the following two factors; 1) the glazed balcony contains so little glazing on only
one side of the balcony that the simple window and zone model are capable of produc-
ing as reliable results as the detailed window and zone model and 2) there is so much
uncertainty in the model that the difference between model algorithms is ‘missed’
among all the other uncertainties. However, the validation studies (Table 6) do indicate
that the use of detailed models is recommended and this should be taken as a starting
point for further studies.

The errors and uncertainties in the monitoring and in the simulations can greatly affect
the simulation results. Detailed input data and robust calibration procedures for the
simulation are an essential part of any computational studies, because the wrong input
parameters or inadequate calibration procedures can easily skew the results more than
the choice of modelling method. The most critical parameters in the glazed space simu-
lations were solar radiation and the window model, the longwave radiation exchange in
and between the zones, the internal convection heat transfer, the air flow modelling in
the cavity and the effects of the wind forces on it.
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Glazed balcony simulations

Extensive sensitivity analyses of the glazed balcony energy-saving potential with differ-
ent balcony and flat properties showed that achieving heating energy-savings in prac-
tice depends not only on the glazed space features, but also the flat’'s HVAC-system,
its set-points, and the inhabitants’ behaviour. Some of the 156 parameters tested had a
very significant impact on the energy savings, but there were also factors whose effect
is hardly visible. In addition, a number of variables are related to the same physical
phenomenon and are therefore linked with each other. For example, the balcony size
(variable 12), balcony type (variable 11) and the U-values of the building envelope
structures (variables 8, 9 and 10) all affect the conduction heat-loss level of the building.
Of these, the total significance of the building envelope structures is the sum of the
window, door and wall's significances (34 % + 25 % + 6 % = 85 %). This alone is a
very important variable, regardless of the balcony’s type and size. Heat losses from the
balcony to outside (variable 14) are subject to the same phenomenon, as equation 3
clearly points out. It is the twelfth variable in the list of most important single variables
in this study (Table 32).

Other very significant factors are sun protection (blind in balcony glazing or window),
the location of the building and the tightness of the balcony glazing, tightness (open-
ness of the balcony glazing panes). Of these parameters, the sun protection is also
affected by the variable ‘balcony fagade distance from the building in front’, as this also
shades the building. By the same token, the balcony glazing tightness is linked to
‘unintended ventilation rate through balcony glazing’. Regarding the external obstruc-
tion or shading, it should be remembered that the solar blinds (variable 34) can be
mounted on the balcony glazing or the flat windows, i.e. shading only the glazed balco-
ny or the adjoining flat. Exterior shading (variable 4), on the other hand, shadows the
entire building i.e. it affects all the balconies, glazed or not. Balcony tightness (variable
2) is actually the most important parameter in Table 32, because it can mean that the
energy-saving effect totally disappears (all panes open). The location of the building
(variable 1) is also an important factor in terms of the building’s heating needs, (a flat in
Barcelona needs less heat than a flat in Sodankyld) but the location can also increase
the cooling demands of the building, in which case the importance of sun protection
greater (variable 34).

The characteristics of the building and its ventilation system also have a large impact
on energy savings. This is observed with variable 20 (Supply air intake solution) and
variable 19 (Building type ventilation (air change rate)), which were the fourth and the
sixth most significant individual variables in the review (Table 32). Of these, the former
has a direct impact on the supply air preheating, while the latter has an impact on the
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total energy consumption of the building. A flat’'s energy consumption is also affected
by its size and its position in the building (balcony horizontal and vertical position of the
building). These were the tenth, sixth and seventh most significant variables, respec-
tively.

Another important factor is the storage of solar radiation in the balcony structures. Here,
the key factors are surface coloring (variable 32), balcony orientation (variable 2) and
the amount of glazing in the balcony (variable 13). These were the eighth, twenty-first
and twenty-sixth most significant variables, respectively. Other factors, like the heating
system (variables 24, 27 and 28) and its control (variables 25 and 26) as well as the
flat’s indoor temperature (variable 6) and its internal heat loads (variable 7) are not di-
rectly related to the energy-saving potential of balcony glazing. However, they do affect
the energy-saving potential, and its relative importance in a building’s energy use.
Nevertheless, for the sake of simplicity, these variables are mostly ignored in the sim-
ple calculations (Article 1V).

All in all, the sensitivity analysis showed that when assessing a glazed balcony’s ener-
gy-saving potential, the starting point is always the size and type of the building’s ener-
gy needs (heating or cooling demand). If there is a significant heating need in the win-
ter, the primary focus of the design is to make the right energy-technical choices need-
ed to design an energy-efficient building. The design of the glazed balcony must sup-
port this overall goal, which means in practice that the building is first optimized, and
then the balcony. In the later design phase, the heat balance of the glazed balcony can
be taken into account (equation 3) i.e. the relationship between the specific losses
(mainly from the balcony to outside) and the specific gain (mainly from the building to
the balcony in mid-winter). The main parameters for optimizing the specific gain are the
building and balcony properties (balcony type and size, U-values of the envelope struc-
tures, etc.). There are other, external factors to consider, such as solar radiation ab-
sorption (surface colors, balcony orientation and the amount of glazing). The parame-
ters, which affect the specific losses are mainly the U-values of the balcony structures
and the overall tightness of balcony glazing itself. The overall design should also take
into account sun protection in all climates, so the design solutions should avoid over-
heating problems inside the balcony and their effects on the building’s indoor climate.
This is particularly important in a southern climate and in cooled buildings.

Added glazing simulations

The comparative studies in Malmé support the results from the glazed balconies in
Tampere. The factors that have a significant influence on the heating energy demands
of a building lie in the extent of the added glazing and its U-values and g-values, includ-
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ing the values of any other features which are added to the building. The study also
showed that if there is no heat recovery, e.g. a mechanical exhaust ventilation system,
then it is best to pass the outdoor air through the cavity before supplying it to the build-
ing. However, if there is an efficient heat recovery system (>80 %), the effect is not so
clear. The U-value and the g-value of the glazing seemed to influence the outcome.
The results indicate that any combination of the U-value, the g-value and the ventilation
solution should be carefully examined by simulations in the design stage.

It can also be concluded that the factors that have a significant influence on the thermal
indoor climate during summer (the cooling season) are, in order of importance: external
and internal shading of the cavity, a ground duct system with a fan which cools the out-
door air before supplying it to the cavity, an exhaust fan extracting the air from the cavi-
ty, and the amount of air flow in these systems.

The added glazing inhibited the building's ability to achieve sufficiently cool indoor tem-
peratures, despite the fact that the cavity space was cooled with two openable windows,
and there was mechanical exhaust ventilation and a ground duct system. However, by
increasing the ventilation rate above the designed values, satisfying pleasant level of
thermal comfort can be achieved. In the summer, a lower indoor temperature than be-
fore the renovation can be achieved if the air flow is increased above its current design
value. This fact illustrates that simulations during the design phase can be very worth-
while. The application of several technical measures and ventilation strategies at the
same time creates a complex situation which is difficult to predict in the design phase,
i.e. which air flows and ventilation strategies will be the most efficient, etc? The results
of this study clearly illustrate how complex a process this is. They also support the view
that it's an important part of the design stage of a building project to be able to model
such a complexly-controlled building with dynamic software, in order to optimize the
installed systems.

In summary, it can be said that the addition of glazing in front of the brick wall reduced
the heating energy demand of the building. As the temperature in the cavity was higher
than the outdoor temperature, this implies that the old brick wall will now be in a warm-
er environment during the winter, which will have associated benefits, such as reducing
the risk of freeze-thaw damage. Although the extra glazing may cause problems in-
doors during the summertime in terms of keeping the place cool and well-aired, it is
possible to solve this by increasing the air-change rates of the cavity exhaust unit and
ground duct air-supply unit. It should also be noted that the cooling solutions which can
create sufficiently low indoor temperature in summertime are, to a great extent, sus-
tainable. The shading is passive, and although the ground duct and exhaust systems
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are not totally passive, no active cooling energy is needed, as opposed to air-
conditioning units.

Simplified calculations

It is possible to evaluate the energy-saving potential and interior temperatures of the
glazed spaces with the simplified calculation method introduced in this thesis. As a
result of the pre-selected variables and their pre-calculated coefficients, the method is
quick and easy to use. With a few hours instruction, any architect or structural engineer
can internalise the method and take advantage of it in their daily work. It is not even
necessary to actually do the calculations; the user can learn a lot about the savings in
heating energy and the interior temperature when designing glazed spaces simply by
looking at the relevant factors in Figures 36-39, and by utilizing this knowledge in the
preliminary design.

With regard to the method’s accuracy, the most significant factor is not the number of
deviations, but how extensive they are in comparison to the base-case. The systemic
error of the method is not too great if the total number of deviations is less than nine
and there is only one deviation for the flat. If the design includes two deviations from
the base-case flat, the total number of changes to the balcony should be limited to sev-
en, and if it has three deviations from the base case, then the balcony should have no
more than 5 deviations. The accuracy of the method is best in Finland and in other sim-
ilar climatic conditions, since the base-case is based on Finnish construction methods
and Finland’s northern location and climate. The method is more sensitive to deviations
from the base-case flat than for the balconies.

5.2 The need for further research

Model development

The challenges, when doing the IDA-ICE modelling in this study, were that the current
software package did not include the possibility to connect an adjacent zone to the ven-
tilation unit (air supply from the cavity) nor any model to handle an existing ground duct
system. This meant that the air supply through the cavity was modelled by placing an
extra exhaust ventilation unit inside the cavity space and connecting it to the attic venti-
lation unit. The ground duct system, in turn, was modelled as nine small underground
zones connected to each other. By doing this, the real impact of the systems could be
treated to some degree. Nevertheless, the development of a more detailed ground duct
model for the IDA-ICE is a possibility for a follow-up research topic.
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Field monitoring

The air-tightness of the balcony, the solar energy absorption and the building’s heat
losses, in that order, seem to be the most critical factors for the interior temperatures of
the glazed space. However, the impact of these factors could not be analysed further in
practice, because detailed air and surface temperature measurements with solar radia-
tion, heat flux and air flow monitoring were not performed on any of the balconies. A
follow-up research topic using the aforementioned monitoring arrangement could be,
for example, the effect the amount of air leakage paths and their locations would have
on the balcony’s interior temperatures in different climate conditions. Another area for
investigation is the heat flux through the external window, door and wall at different
times of the year, as well as the behaviour of the air supply through the glazed balcony
in connection with mechanical or natural ventilation. In choosing a site for the field
measurements, it would be preferable to select an easily-controllable site without ex-
ternal trees, inhabitants or other difficult-to-control variables. Avoiding these uncertain-
ties also helps in the creation of a simulation model, and in improving its reliability.

Computer simulations

The characteristics of typical balcony typologies whose main flaws could be improved
through glazing, or the features of optimized typologies for different purposes would be
good topics for further simulations. In order to facilitate the design work in practice, the
most typical and optimized balcony typologies would further explain the key factors
affecting the space’s interior temperatures and heating energy-saving effects, thus fa-
cilitating the design work in practice.

With the calibrated simulation model it is also possible to analyse the effects of different
ventilation control strategies on glazed spaces, and to try to find the optimal operating
modes for the ventilation systems in different seasons. Such an analysis could be con-
ducted with the thermal insulation and g-value analysis of the added glazing, thereby
optimizing the whole installation.

The simplified method

The development of a simple, off-the-shelf method for energy-impact assessments that
would otherwise require time-consuming and expensive measurements or complicated
simulations is, in general, considered welcome among architects. Apart from its scien-
tific value, the contribution of such an approach is the use of the research results in
practice. Therefore, further development of the simplified calculation method is recom-
mended. One option is to make a simple computer program based on the method.
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The independence of the variables in the model is a major issue in relation to the mod-
el's accuracy. That is why a systematic determination of which parameters might be
interdependent, and how, would be useful. Furthermore, extending the analysis to dif-
ferent types of base-cases in different climatic conditions and conducting a real correla-
tion analysis of the interdependency (or not) of the variables in those situations could
increase confidence in the reliability of the method in practice, and increase its scien-
tific value.
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Many previous articles point out the need of using accurate energy simulation programme for studying
the indoor climate and energy use of the highly glazed spaces. This article examines the suitability of
IDA Indoor Climate and Energy (IDA-ICE) software for the glazed space energy simulation in theory and
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accurate results are achieved by using a detailed window and zone models. Critical input parameters
were the absorption coefficient of the surfaces, the balcony’s unintended ventilation, external shading
and building supply air flow rate from the outside to apartment through the balcony. The results show that
in design situation where attached balcony’s one side is glazed and two sides opaque, the uncertainty
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temperatures than the deviation caused by the use of different zone and window models.
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1. Introduction

A number of studies have shown that highly glazed spaces
have many good features. Temperatures within enclosed spaces
are higher than outdoors [1-9] and their relative humidity is lower
[4,5,10] throughout the year. As a result, there are less problems
with facade degradation [6] and thermal bridges. Sunspaces also
provide a buffer space against wind pressure and make it possi-
ble to take pre-heated supply air from the glazed space to reduce
building energy consumption [4,5,7,10,11].

Assessing the energy saving effects of glazed space, the air tem-
perature measurements are considered to be a useful method for
the starting point of the evaluations. They reveal the dominant
pathways of heat gain and loss and give an indication of thermal
buffer effects and thermal comfort [12,13]. Combining air tempera-
ture measurement with internal and external surface temperature
measurements by using thermocouples, it is also possible to evalu-
ate materials’ ability to store and release heat energy [14] and thus
figure out the whole idea of thermal behaviour of glazed spaces.
Obtaining better understanding of different factors affecting the

* Corresponding author. Tel.: +358 40 078 0909.
E-mail address: kimmo.hilliaho@tut.fi (K. Hilliaho).

http://dx.doi.org/10.1016/j.enbuild.2014.12.041
0378-7788/© 2014 Elsevier B.V. All rights reserved.

temperature behaviour of glazed spaces, detailed energy simula-
tions are often needed. For that reason, simulation programmes
have been widely used in sunspace studies for several decades
[2,3,7-10,15-21]. The purpose of the simulations has mainly been
to validate the used simulation programmes [17-19], obtain bet-
ter understanding of one or more influential factors [7,10,21,23,24]
and conduct a sensitivity analysis [25] as well as develop and verify
a simulation model [16]. In these studies, simulation programmes
have proven to be very useful tools.

Many commonly used building-energy simulation tools are not
well suited for indoor climate evaluations of highly glazed spaces
due to their simplified calculation method for solar radiation trans-
mission through windows, distribution inside the sunspace and
reflection inside or outside the glazed space. That is why many
previous studies have expressed the need of a detailed calcu-
lation model for studying the indoor climate of highly glazed
spaces [17,18,20,26-29]. Previous studies have also shown that the
most accurate assessment of indoor climate may be provided by
a dynamic building simulation software, which utilizes state-of-
the-art calculation methods for short- and long-wave radiation and
radiations distribution inside glazed space as well as between the
glazed space and the adjacent room taking into account the portion
ofthe short-wave radiation escaping from the sunspace [18,28]. The
needs of detailed energy flow through the windows [22], stratified
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air temperatures in the rooms [20] and detailed analysis of the air
flow within the rooms [20] are also highlighted. For that reason,
the calculation software’s calculation methods should be carefully
found out before making a final decision on the used programme.

This article evaluates the suitability of the IDA Indoor Climate
and Energy (IDA-ICE) software for the glazed space energy sim-
ulation. The paper describes the critical parameters of the highly
glazed space simulations (Section 1) and analysis of how the pro-
gramme meets these needs (Section 2). In addition, the analysis has
involved an actual field measurement case, in which the effect of the
software’s different model detailing level to the calculation results
has been examined. Object of the study has been (a) to analyze the
suitability of the programme to highly glazed space simulation in
theory and practice, and (b) bring out the key measurement and
calibration parameters. The results can be used to develop the field
measurement practices and simulation methods.

2. Simulation tool - background

IDA Indoor Climate and Energy (IDA-ICE) is one of the twenty
major building energy simulation programmes [30], and according
to the literature review [31], one of the four main building energy
simulation tools, discussed in most articles dealing with the vali-
dation of building energy simulation models. The software as many
other whole building simulation tools is based on the building geo-
metrical description, which provides the basis for a more detailed
calculation of the distribution of solar radiation in and between
rooms. The software calculates energy balances dynamically taking
into account climatic variations and a dynamically varying time-
step. The software solves heat balance equations according to the
user defined building geometry, construction, HVAC conditions and
internal heat loads. Software allows use of measured climate and
weather file containing the information about air temperature, rel-
ative humidity, wind direction and speed, direct normal radiation
and diffuse (sky) radiation on a horizontal surface and calculates
for example solar radiation based on the building location and sun
position in the sky. Accuracy of the IDA-ICE simulation tool has been
examined in many validation studies in recent years [32,22,33-40].
Accordingly, selection of the IDA-ICE as the simulation tool for
highly glazed space simulation is well grounded [30,22,33,41].

IDA Indoor Climate and Energy software provides two different
zone models. The detailed zone model with full Stefan-Boltzmann
long-wave radiation has been developed for detailed calculations
like indoor climate studies and the simplified zone model for energy
simulation to speed up execution time in the normal design cases,
where slight inaccuracy is acceptable. The difference between the
models is mainly that the latter model makes a simplified calcula-
tion of the radiation exchange between all the surfaces of the room
enclosure. In the energy model, the internal walls without thermal
connection to surrounding zones are assumed adiabatic, whereas
external walls and partitions towards other simulated zones are
handled separately, because the conditions on the opposite side
are different from those in the zone. The geometry of the zone is
not known in detail; surface areas are known and are used for dis-
tribution of radiation. The model handles the diffuse radiation that
comes into the zone from windows and from reflection of direct
light (and is not reflected back out) by dividing it to the surfaces
according to area rations multiplied by their absorptance. In the
climate (detailed) zone model, the view factors between the sur-
faces are calculated and the emitted and reflected irradiation is
distributed accordingly by solving a system of radiation balance
equations for all the surfaces. The distribution and absorption of
diffuse light at the different surfaces is treated in a similar way. As
a result, properties such as the displacement ventilation and room
temperatures vertical stratification in the zone as well as operative

temperatures, comfort indices and daylight levels at arbitrary room
locations can be calculated with this model. Climate zone model
is only available for box-shaped zones (rectangular geometries)
while energy model can handle different types of zone geometries
[33,42].

InIDA-ICE direct and diffuse solar radiation is computed detailed
including the exact time dependent sun position in the sky and the
distribution of diffuse radiation, by default using the Perez et al.’s
[43] model. As a calculation of the long wave radiation between
the sky and building facade, the ground temperature is assumed to
be the same as the air temperature and the sky temperature five
degrees below the air temperature [33]. This assumption of the sky
temperature has proved to be a rather good average value over the
long term [44].

The windows can be modelled using either a simple or an ISO-
15099 [32] based detailed window model (Detwind) in IDA-ICE.
The difference between the detailed and the simple window model
is that in the former the glazing is modelled with the optical and
thermal properties of all its panes and gasses in the gaps between
the panes. The angle dependent optical properties of the glazing
are then calculated with consideration of multiple reflections and
the solar absorption in each pane. From this both the solar light and
the heat transmission are calculated. Even the heat capacity of the
panes is taken into account. In the simple model the optical and
thermal properties for the whole glazing (at normal incidence) are
given as input data. The angle dependence of the whole glazing is
then calculated by using a fixed curve for the angle dependence.
Integrated window shading (internal or external shades in the
plane of the window) is calculated by multiplying shading effect
to the basic window parameters. After transmitted inside the zone,
diffuse light is spread diffusely and the direct light beam according
to exact target location. After the first reflection on a zone surface,
the direct beam is spread diffusely in the room. In all reflection cal-
culations, the whole surface that is hit is regarded to reflect with
equal intensity, not just the lit portion of the surface atissue [33,42].

IDA-ICE includes multizone air flow model and can handle four
different types of air flows. Typically, the air flow goes through the
supply and exhaust air terminals and through envelope air leakage
path, but also openings and other additional flow paths are possible
to create. In the simplest case, where the two first paths of air flows
are created, the size of the third flow, through the leak, is important
only to fulfil mass balance equation of air flows [33,42]. Air flows in
leaks are based on pressure loss equation, thus the whole air flow
network calculations are always involved in ICE models.

3. Research materials and methods

The research material consists of acquired weather files, moni-
toring data from two balconies and the adjoining flats and IDA-ICE
4.61 software validation simulation results.

3.1. Climate and weather

Archived 2009 air temperature, relative humidity, wind speed
and wind direction data were obtained from the Tampere/Pirkkala
airport (20 km west of the site) weather station EFTP (WBAN 99999)
and the solar radiation data from the Jokioinen Meteorological
Observatory (100 km south of the site). Tampere 1981-2010 “nor-
mal” temperature data and Jokioinen 1981-2010 “normal” solar
radiation data are from Finnish Meteorological Institute report no.
2012:1 [45]. Tampere “typical” temperature and solar energy data
are from the ASHRAE IWEC 1.1 database [46]. The International
Weather for Energy Calculation (IWEC) files are derived from up
to 18 years of DATSAV3 hourly weather data originally archived at
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Fig. 1. Connection diagram of flat excluding balcony glazing.

the National Climatic Data Center [47]. The weather and climate
condition is discussed in more detail in Section 4.1.

3.2. Field monitoring

The main components of the field measurement system were
a portable computer, a data logger, measurement sensors, sensor
transmitters, and power sources. The measurement was controlled
by the Agilent Benchlink Data Logger software and an Agilent
34970A Data Logger. The surface temperature sensors were of the
LM 355 type and the air temperature sensors of the HTM100 type.
Small battery-powered Comark Diligence EV (N2003 and N2013)
dataloggers were also used. Field measurement systems were used
to measure outdoor temperature, flat temperature and balcony air
temperature, as well as surface temperatures on both sides of the
balcony glazing and balcony wall, door, and window (inner and
outer) surfaces. Temperatures were recorded at 1-h intervals for
approx. 10 months (from 16th July 2009 to 24th May 2010).

Unshielded surface temperature sensors were placed in the two
flats on top of each other in accordance with a connection diagram
(Fig. 1). Balcony door sensors were installed in the middle of the
glass pane and on the inner and outer side of the solid section. A
total of four sensors were installed on the top and bottom part of
the lower flat window. In the case of the upper flat window, sensors
were also placed in the middle of the pane, outside and inside. The
back wall sensors were placed case-specifically. Their placement
was made difficult by the hot-water radiators located under the
window, which affected the wall surface temperatures. A total of
eight sensors were attached to the balcony glazing. The indoor air
relative humidity and temperature (RH/T) sensor was in the living-
room, near the balcony back wall, at a height of approx. 2.5 m. The
distance of the sensor from the external wall inner surface was
approx. 0.5 m. The balcony RH/T sensor was close to the ceiling at
a distance of approx. 0.5 m from the balcony back wall. The sensor
measuring outdoor air temperature and relative humidity was on
the balcony frame wall. The outdoor air RH/T sensor was protected
against solar radiation and precipitation by a special factory-made
outdoor sensor guard.

To collect simulation input data, air change rate was mea-
sured by a wing wheel anemometer, airtightness by pressure
test equipment, and thermal insulation by condition investiga-
tion equipment. In the same connection, the occupants were
interviewed about their living habits and electricity consumption
and the number of electric appliances they had - specific power
consumption and daily operating time were also determined in
co-operation with the occupants. The electricity consumption of
1500 kWh/year of the flat proved to be clearly below the average
consumption of a similar flat in Finland. Investigation focussed on

the flat with a glazed balcony. The other flat was assumed to be in
similar use to make the indoor climate conditions and use of the
dwelling unit similar in both cases. This way, the balcony glazing
installed in the lower flat remained the only difference between the
two.

3.3. IDA-ICE 4.61 modelling

During the research, computational analyses were carried out
using the IDA Indoor Climate and Energy (IDA-ICE) 4.61 software.
Building model was created by ArchiCAD software and transferred
to the simulation software in the IFC format. Building external for-
est was estimated using architect’s city plan, on-site observation
and old photos and modelled as non-transparent bars. Under the
simulation were two 64 m? flats on top of each other in the mid-
dle part of the building. Lower of flats has a glazed balcony, but
also unglazed balcony was modelled as a zone. Apartment’s win-
dow supply air valves, balcony glazing’s air gaps and open part of
the unglazed balcony were modelled as a differently sized pres-
sure driven air flow path. Depending on the pressure difference
between inner and outer side, air flowed inside or outside through
these openings trying to neutralize pressure difference. Mostly air
was flown from the outside of the building to the inside as a reason
for building’s negative pressure generated by mechanical exhaust
ventilation system.

Data on the building were acquired from the ArchiCAD model,
one-time measurements of flat conditions, and inhabitant inter-
views. The location of electrical equipment and specific power
were determined by site visits. Examinations were carried out in
a flat with glazed balcony. Use of other flat was assumed to be
similar, in order to standardize the indoor atmosphere conditions
and use of premises as similar in both flats. The simulations used
real temperature and humidity data measured on-site from 17th
July to 31sh December 2009. The temperature and relative humid-
ity data missed due to the measurement interruption from 22nd
to 30th October 2009 and from 8th November to 2nd December
2009, as well as wind speed/direction data from 17th July to 31st
December 2009, were supplemented by weather observations at
the Tampere/Pirkkala airport weather station. Radiation data from
the simulation period 17th July to 31st December 2009 was from
the Jokioinen Meteorological Observatory. For source information
regarding the flat and use thereof, see Table 1 and Fig. 2.

Simulation studies were performed by comparing actual air and
surface temperature values to simulated ones by using four differ-
ent model detailing levels (Table 2). The most detailed one was
the simulation model with a detailed window (Detwind) and a
zone (Climate) model, while the most simplified one incorporated
a simple window structure and a zone (Energy) model.
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Table 1
Apartments and balconies parameters.

Location (climate condition)

Orientation

Wind profile

Balcony facade distance from the building in front

Apartment size (AApARTMENT)

Balcony size (AgaLcony)

Apartment inside air temperature

Standard of equipment, number of residents and apartment usage habits

Apartment type

Balcony type

Building air change rate

Supply air inlet vents position

Glazed space unintended ventilation

Building air leakage coefficient (at 50 Pa pressure difference)
Heating capacity design of hot water radiators

The heating system control curve position

The heating system summer shut-off

Surfaces absorptivity (balcony and external wall)

Surface emissivity (balcony and external wall)
Specific heat capacity of balcony structures
Lambda value of balcony structures
Density of balcony structures
Window or balcony glazing blinds placement position
Wall properties (wall between apartment and balcony)
Window properties (wall between apartment and balcony)
Balcony door properties
Balcony glazing properties
Glazing-to-floor area ratio (AgLazing /ABaLcoNY )
Window and door-to-floor area ratio ((Awinoow *+Apoor )/ABaLcony )
Glazing-to-balcony glazing eligible area ratio
(AcLazinG [ (ApaLcony WALL *+ ABALCONY SIDE WALLs + ABALCONY FRONT WALL))

Tampere (61°29'53” N, 23°45'39” E), Finland

South-west

Suburban

Mixed forest in front of the balcony facade

Two-room flat, Appartment = 64 m? and Vapagmvent = 166 m?
Agacony =6 m? and Vgacony =16 m?

23.3°C

According to the real situation inside the apartment (two residents, electricity
consumption 1500 kWh/year)

Apartment runs from front to back of a building

Extended concrete balconies supported on frame walls
Mostly 0.35 ACH, between 06:30-09, 11-13 and 16-18 0.7 ACH
Two window vents

1.1-2.2 ACH (monthly average)

0.88 ACH (at 50 Pa pressure difference)

According to current design in 1979

According to corrent settings in the building

No summer shut-off

Mostly 0.22 (balcony slab top side and external wall outer side 0.3, balustrade
outer side 0.4)

0.9

900]J/(kgK)

1.35W/(mK)

2300 kg/m?

No blind

AwarL =5.2m? and Uwayp =0.3 W/m? K

Awmpow =3.3m?2, Uwinoow = 1.4 W/m? K, gwinpow =0.55
Apoor =1.9m?2, Upoor = 1.2 W/m? K, gpoor =0.55

Acazing =6.3m?, Ugtazing =5.8 W/m? K, garazing =0.82

1.05

0.87

0.26

Table 2
Four detailing levels of the model used in simulation studies and their modelling
times.

Simulation cases  Zone and window model Modelling time

Most detailed Climate model with detailed window 35min 23s
Detailed Energy model with detailed window 29min 29
Simplified Climate model with simplified window 34 min 38s
Most simplified Energy model with simplified window 29min 11s

4. Context
4.1. Climate
The city of Tampere (61°29'53” N, 23°45'39” E) lies borderline

between humid continental (Koppen-Geiger Dfb) and subarc-
tic climate (Koppen-Geiger Dfc) [48]. City’s winter is cold and

Triple glazed window,
U=14 W/mk, A=33 n”

Window supply
air valve

Triple glazed
window, U=L4 W/m%,
A=l m?

Apartment, 64 m?
a66m>

Insulated concrete sandwich wall,
U=03W/m*K, A=52 m?
Triple glazed window, U=14 W/m’K, A=33 m’

Bolcony door, U=12 W/m*, A=19 m? N

BALC through 2mm

summer mild. The average temperature from November to March
is below 0°C (32 °F) and whole year below 17 °C (49 °F) (Fig. 4a).
The annual average temperature is 4.4 °C (36.4 °F). Heating degree-
days (HDD17) during the normal period 1981-2010 was 4424 per
year and 2009 it was 4371 [45,49].

Autumn months of the field measurement period
(July-December 2009) were unusual compared to “normal”
and “typical” condition in Tampere (Fig. 3a). August was slightly
warmer, September clearly warmer (2.5°C) and October clearly
colder (—2.1°C) than average. November was 2.2 °C milder than
average and December —2.1°C colder. The year 2009 as a whole
was slightly (0.1°C) warmer than “normal” year. There was only
slight difference between Tampere “normal” and “typical” year
monthly average temperatures as shown in Fig. 3a [50].

In 2009, the sunshine duration was close to long-term
1500-2000h average level and the total solar radiation levels a
little higher than normal in August-October [50]. A comparison

Mechanical escaust
ventilation, exhaust
vents are in wc, kitchen
and walk in closet

Openable balcony glazing

W=58 W/m*K, A=6.3 md, made by 6 mm
toughened clear glass. Untight
structure @2mm gap between panes)

5 Balcony, 6 m?
N v=16 md

Attoched concrete

balcony with concrete
side walls U=3.5W/m%),
slabs WU=3.2W/n’*K> and

Supply air (flow
balustrade (U=4.2W/mn*K>

panegaps and
window supply
air valve)

ORTH

< NORTH

Fig. 2. Illustration of the simulated apartment. Difference between flats on top of each other was only the balcony glazing installed in the lower flat.
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Fig. 3. (a, b) Climatic context. 2009 Monthly average temperatures and incident solar radiation levels compared to 1981-2010 “normal” and ASHRAE IWEC “typical” values.
Autumn 2009 was exceptional in both mean temperature and incident solar radiation point of view. Figure shows that ASHRAE IWEC weather data overestimate clearly
incident solar radiation levels in Tampere (compared to Jokioinen “normal” and 2009 solar radiation data).

between Tampere ASHRAE IWEC and Finnish Meteorological Insti-
tute’s nearest solar radiation observatory’s 2009 and “normal” solar
radiation levels shows that the ASHRAE IWEC weather files clearly
overestimates the actual solar radiation level in Tampere, Finland
(Fig.3b).Itis therefore recommended to use Finnish Meteorological
Institute’s solar radiation data in the energy simulations.

4.2. Field site

The studied building is situated in a normal Finnish urban
area in Tampere, Finland. The building is a 1+6 storey pre-
cast concrete block of flats completed in 1979 with extended
concrete balconies supported on frame walls (Fig. 4). The
building exterior wall colour is dark red, balcony struc-
tures colour mainly white and balcony back wall and floor
colours light grey. Apartment interior surfaces are all light
coloured.

The building is connected to the district heating network and
ventilated by a mechanical exhaust ventilation system. The heating
water is delivered inside the building through hot water pipes and
heat gave out with the help of free-standing radiators. The facades
of the building were renovated in 2004, in which connection the
windows and doors were replaced and glazing was installed in
about 50% of the balconies. The condition of the HVAC systems was
checked at the same time and the ventilation and radiator systems
were balanced. The exhaust ventilation unit was not replaced, but
was equipped with modern timer control.

Unglazed balcony
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Fig. 4. South-western facade of the studied building.

5. Results and discussion
5.1. Field measurement

5.1.1. Balcony temperatures

Temperature measurements show that temperatures inside the
balconies were higher than outdoor temperatures throughout the
year. On average, the unglazed balcony temperature was 0.8 °C,
and the glazed balcony temperature 3.7 °C, higher than outdoor
temperature. During the heating season, the temperature differ-
ences were 0.8 °C and 4.1 °C, respectively. Solar radiation has also
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Fig. 5. Balcony, outdoor air and flat temperatures from 13th to 15th March 2010. Solar radiation had a strong effect on balcony temperatures especially in spring. Solar
radiation warmed up glazed space very rapidly causing great temperature difference between space and outdoors air. This phenomenon, however, had only a slight impact

on the adjacent apartment indoor air temperatures as seen in the figure.
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Fig. 6. Measured external surface temperatures of the windows from 5th to 7th January 2010. Balcony glazing stabilized temperature variations and temperature differences
between the top and bottom edges of external window surfaces. The phenomenon is strikingly evident during the periods in which the temperature difference between the
apartment and outside air was very high, as during cold winter days in January, for example.

a significant effect on the temperature conditions of glazed bal-
conies (Fig. 5). Solar radiation in spring, for example, warmed up
balconies very rapidly causing momentarily increase of the temper-
atures inside a glazed balcony. This phenomenon had only a slight
impact on the adjacent apartment indoor air temperatures as seen
in Fig. 5. The highest glazed balcony and outdoor air temperature
difference was 14.0 °C measured on 12th December 2009 at 9 p.m.

5.1.2. Flat temperatures

Average temperature inside the flats varied from 22.0°C to
28.4°C and from 21.7°C to 26.4 °C depending on whether the bal-
cony was unglazed or glazed, respectively. On average, the flat
with the unglazed balcony was 1.2°C warmer than the flat with
the glazed balcony. The greatest temperature difference between
the flats was 2.1°C (in January, the coldest winter month), and
the smallest 0.2°C (in September). The temperature difference
between the flats was directly proportional to the temperature dif-
ference between the glazed and non-glazed balcony. As outdoor
temperatures decreased, the temperature difference between the
glazed and unglazed balcony and between adjacent flats increased,
and vice versa. Possible reason for this was the draught caused
by the colder air through the window supply air valve as well as
colder window, door and wall surface temperatures that affect
the operation of the radiator thermostat inside the flat without
balcony glazing. The radiator under the window inside the flat with-
out balcony glazing was warmer than in the other flat resulting
higher inside temperatures i.e. the installation of the balcony glaz-
ing reduced need to eliminate the sense of draught by overheating
the flat.

5.1.3. Balcony window, door, and back wall surface temperatures
Balcony window, door, and back wall external surface tempera-
tures measured inside the glazed balcony exceeded those measured
inside the unglazed balcony throughout the measurement period.
On average, the window, door, and wall external surface tempera-
tures measured inside the glazed balcony exceeded the respective
temperatures measured inside the unglazed balcony by 2.5°C,
2.0°C,and 1.4°C, respectively. The temperature difference between
the external surfaces was clearly larger during the heating season
than in summertime. The temperature difference between exter-
nal window surfaces was 2.8°C in winter and 1.7 °C in summer,
between external door surfaces 2.4°C in winter and 1.3 °C in sum-
mer, and between external wall surfaces 1.6 °C in winter and 1.0°C
in summer. The measurement results indicate that balcony glaz-
ing stabilized temperature variations and temperature differences

between the top and bottom edges of external window surfaces.
The phenomenon was strikingly evident during the periods in
which the temperature difference between the apartment and out-
side air was very high, as during cold winter days in January (Fig. 6),
for example.

Internal surface temperatures of the flat with an unglazed bal-
cony were higher than those of the flat with a glazed balcony.
The surface temperatures were significantly influenced by radiator
temperatures, which during the heating season were clearly higher
in the flat with an unglazed balcony than in the one with a glazed
balcony. On average, the window, door, and internal wall surface
temperatures of the flat with an unglazed balcony exceeded the
respective temperatures of the flat with a glazed balcony by 1.0°C,
0.4°C, and 2.0°C, respectively. In the flat with an unglazed balcony,
the radiator heating effect was particularly evident in wall and win-
dow surface temperatures. For example, on 24th March 2010 at 1
p.m., with an outdoor temperature of 1.7 °C, the radiator surface
temperature in the flat with an unglazed balcony was 40°C and in
the flat with a glazed balcony 31 °C. The radiators were located on
the interior side of the balcony back wall right under the window.

5.2. IDA-ICE 4.61 simulations

Simulation results are showed in a few different ways to illus-
trate the real meaning of the results. At first the mean values of the
simulated and measured flat and glazed balcony inside tempera-
tures and difference between those values are described. After that
mean, standard and max deviations are calculated. Mean deviation
is average of all individual difference between each value in a set
of, and the average of all values of that set. It tells how far, on aver-
age, all values are from the mean value. The standard deviation in
turn tells how tightly all the various examples are clustered around
the mean in a set of data. Max difference is maximum difference
between simulated and measured values in the data.

5.2.1. Glazed balcony and flat indoor air temperatures

During the simulation period, the measured and simulated
glazed balcony and flat mean temperatures corresponded with an
accuracy of —0.08-0.12 °Cand 0.40-0.42 °C, respectively, due to the
simulation model detailing level (Table 3). The lowest mean tem-
perature inside the glazed balcony achieved in the climate model
with detailed window and the highest in the energy model with
simplified window. Temperature difference between most detailed
and simplest modelling method was approximately 0.20 °C through
the entire simulation period. Two-thirds (about 0.135°C) of this
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Table 3
Example calculations of measured and simulated temperatures, temperature differences and standard deviation as well as mean and maximum deviations inside the glazed

balcony and the flat with a glazed balcony during the whole simulation period from 17th July to 31st December 2009.

Average temperature [°C] Temperature difference [°C] Standard deviation Mean deviation ~ Max difference

Measured Simulated
Glazed balcony
Energy model with detailed window 9.96 10.01 0.05 0.93 0.63 8.49
Climate model with detailed window 9.96 9.88 -0.08 0.94 0.63 8.71
Energy model with simplified window 9.96 10.08 0.12 0.94 0.64 8.49
Climate model with simplified window 9.96 9.94 -0.02 0.94 0.64 8.71
Flat
Energy model with detailed window 23.35 23.75 0.40 0.32 0.26 1.38
Climate model with detailed window 23.35 23.75 0.40 0.32 0.25 1.34
Energy model with simplified window 23.35 23.77 0.42 0.32 0.25 1.48
Climate model with simplified window  23.35 23.77 0.42 0.32 0.25 1.44

+: simulated warmer, —: measured warmer.

Table 4
Apartments energy consumptions and energy saving effect of glazed balcony calculated with four different calculation accuracy.

Flat with glazed balcony [kWh]

Flat with unglazed balcony [kWh]

Energy saving effect [kWh] Energy saving effect [%]

Energy model with detailed window 4642.2 4842.5
Climate model with detailed window 4631.6 4833.6
Energy model with simplified window  4630.8 4866.5
Climate model with simplified window  4619.9 4858.4

200.3 4.1%
202 4.2%
235.7 4.8%
238.5 4.9%

change was due to the difference between climate and energy
model and one-third (about 0.065°C) of due to the difference
between simple and detailed window model. The higher glazed
balcony temperature means less heat loss from inside the building
to the balcony and at the same time lower the energy consumption
of the building. As a result, the energy saving effect of the balcony
glazing will be over-estimated (Table 4).

The standard and mean deviations were at the same level in all
the calculations and so the difference between calculation accuracy
was not seen in these results comparisons. The largest individual
differences between measured and simulated glazed balcony tem-
peratures were measured during moments when residents left the
balcony door open to air the flat (Fig. 7) and do not therefore bring
further clarity on the calculation accuracy. Such large difference
did not occur at apartment temperatures. As a result, the smallest
maximum difference between measured and simulated flat tem-
peratures occurred in the climate model with detailed window
(Table 3).

Energy saving effects differs from 4.1% to 4.9% according to cal-
culation method (Table 4). The difference between the simplest and

the most detailed calculation was 0.8% (15.7% change in the result).
A simple window structure reduced the energy consumption of
both flats, but roughly the same proportion, so that it had a very
limited impact on energy saving effect of the balcony glazing. Sim-
ple and detailed window models energy saving effect differs only
0.1% (1% change in the result). Difference between energy and cli-
mate model was greater, about 36 kWh and 0.7% (14.7% change in
the result). This review underlines the climate model use.

5.2.2. Surface temperatures inside the glazed balcony

Surface temperature data simulation yielded promising results
in the most detailed calculation. For example, the window external
surface temperatures of the flat with a glazed balcony corresponded
to the simulated values with an average accuracy of 0.27°C and
0.92 °C (two measurement points), and the internal temperatures
with an average accuracy of 0.42°C and 0.65 °C. Simulated values
were higher than measured values in the most detailed calcula-
tion (Fig. 8), but were even warmer in another simulation. For
example, the external surfaces temperatures of the window cor-
responded to each other with an average accuracy of 0.69°C and
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Fig. 7. Measured and simulated air temperatures of the glazed balcony from 5th to 7th November 2009. The temporary divergence between the measured and simulated
values was registered throughout the measurement period as a result of resident habit to left the balcony door open to air the flat. One example of this is shown on 7th

November 2009 at 7 pm.
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Fig.8. Measured and simulated external surface temperatures of the window between the flat and the glazed balcony from 5th to 7th November 2009. The surface temperature

data simulation yielded promising results.

1.34°C, and the internal temperatures with an average accuracy
of 0.44°C and 0.67 °C in the simplest calculation. As seen from the
previous results, the chance in the calculation method affect only
slightly to the surface temperatures of the internal surface, but sig-
nificantly to the surface temperature of the external surface. For
example, the change of the window external surface temperature
was 0.42°C(0.69-0.27=0.42 or 1.34-0.92 = 0.42) and of the internal
surface temperature 0.02 °C (0.44-0.42=0.02 or 0.67-0.65=0.02).
The zone model had a greater effect on the calculation results than
the window model. About four-fifths of the difference cause from
the differences between the climate and energy models and about
one-fifth of the difference between the detailed and simplified win-
dow models. The results show clearly that the climate model with
detailed window model is recommended to use in glazed space
surface temperature calculations.

In the simulation, literature values for colour based absorption
coefficients were used. Those coefficients cause generally a little
warmer surface temperatures than measured ones and correspon-
dence with measured and simulated values were better on the
upper part of the structures (shaded by balcony slab) than on the
lower part of the structures. One of the reasons was the fact that
the unshielded surface temperature sensors on the lower part of the
structures were exposed to the direct solar radiation and also to the
sky radiation. As a result, these sensors warmed up strongly when
the sun shines to the sensors and cooled more during the night as
a reason for the higher exposure to the sky radiation. For elimi-
nating these uncertainties, the real surface absorption coefficients
would have been determined on side and the surface tempera-
ture sensors would have been protected against the direct solar
radiation. The results, however, show that the reliable surface tem-
perature values are possible to achieve with IDA-ICE, when using
climate model with detailed window structure and reliable surface
absorption coefficients.

5.2.3. The significance of different input parameters to the model
accuracy

Parameters significance analysis shows that the importance of
the detailed simulation method increases when the amount of glaz-
ing increase or external shading amount decrease (Table 5). For
example, the simplest and most detailed calculation models accu-
racy difference changed 0.2-0.35, when amount of glazing altered
from one to three sides of the glazed balcony and external tree
shading was removed. On the other hand, the results also show
that the difference between calculation results decreases when bal-
cony inner surface absorption coefficients increase. This means that

dark surfaced balconies simulation accuracy difference is very small
between the most detailed and simplest modelling method.

The results also show that wrong input parameters can have
as significant or even greater impact on the results than different
modelling method (Tables 5 and6). For example, a change of 0.1 to
the absorption coefficient causes greater effect on the calculation
results (difference 0.28) than the model chance from the detailed
level to simplified one (0.2). In addition, the mean and standard
deviation results indicate that the current calculation contains a
lot of uncertainty (Table 3). Critical input parameters proved to be
the amount of supply air from the glazed balcony, conduction losses
from the building to the balcony and from the balcony to outdoor
as well as the glazed balcony airtightness and balcony inner surface
absorption coefficients.

5.2.4. Future perspective

In planning of similar simulation studies, special attention
should be paid to the selection of the measurement site and favour
rather simple measurement cases than complex ones. Another
important issue is to set up a small-scale weather station for
measuring wind speed, wind direction, air pressure and global
horizontal radiation, direct normal radiation and diffuse radiation
measurement on site. The problem in this case was that the solar
radiation data was measured about 80 km, wind data 20km and
one part of the outdoor temperatures and relative humidity 20 km
from site. This caused the uncertainty in the calculations. The third
finding was the unshielded surface temperature sensors warm-
ing up under direct solar radiation causing error to the calculation
results. This error could be avoided by using shielded surface tem-
perature sensors. The fourth finding was the importance of using

Table 5

Different input parameters significance to the modelling accuracy. Result shows that
the importance of the detailed simulation method increases when the amount of
glazing increase or external shading amount decrease and decreases when balcony
inner surface absorption coefficients increase.

Glazed space mean temperature difference
between the most detailed and simplest
calculations [°C]

Calculation case

Original 0.2
External tree shading excluded 0.30
Glazed side from one to three 0.21
in the balcony
Glazed side from one to three 0.35
in the balcony and external
tree shading excluded
Absorption coefficient +0.1 0.17
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Table 6
Mean temperatures after model changes.

Measured Originally Absorption 30% of the external Balcony glazing air Supply air vent size doubled in
values [°C] simulated [°C] coefficient +0.1 [°C]  three shading leakage area halved  the wall between apartment
excluded [°C] (0.07-0.035m?) and balcony (0.02 m?-0.04 m?)
[°cl [°C]
Climate model with 9.96 9.88 10.16 9.98 10.13 9.97
detailed window
Difference between 0.28 0.10 0.22 0.09
original simulation
and changed
simulation

measured thermal conductivity of the structures and balcony inner
structures absorption coefficients. Now, the material U-values were
determined by using real structure thickness and literature val-
ues for thermal conductivities. Material properties of windows and
doors and U-values were from the manufacturer’s product informa-
tion. On this basis, the accuracy of the U-values was not absolute
certainty. The fifth thing was the uncertainty of the balcony air-
tightness and real air flow through the balcony back wall air inlet
vents. It will be possible to get a better understanding of the oper-
ation of the ventilation system in different wind conditions, and a
more accurate picture of air movement from the outside to apart-
ment through the glazed balcony by using long term measurements
to track real air flow through those structures. Sixth, it is very hard
to model mixed forest accurately in IDA-ICE programme. There-
fore, it would have been preferable to select easier simulation site
as external shading mean or set outside trees as closely as possible
to the real situation after very detailed observation and measure-
ments on site. Finally, it is very difficult to track real operation of
inhabitants inside the apartment. The determination is very dif-
ficult in practice, because it is challenging to bound residents to
follow instructions and if they undertake then the activity is known,
but it might not be normal use of the building. Therefore, one option
would be to choose a measurement site with a vacant apartment.

5.3. Simulation time

Calculation time varied between 29min 11s and 35min 23s
depending on the calculation case (Table 2). Difference between
the slowest and the fastest calculation was 6 min 36s (difference
17.5%). Mostly slowdown was cause by the zone model change
(about 16%), but also window model change cause a minor effect
on the calculation time (1.5%). Energy and climate model calcula-
tion time differs very clearly, even though a total of 14 zones were
in the built simulation model (7 per apartment). In the more com-
plex simulation models, modelling time difference will be further
emphasized.

6. Conclusion

Temperature measurements show that the temperature of the
glazed and unglazed balconies is higher than outdoor temperature
almost throughout the year. On average, the temperature of the
unglazed balcony was 0.8 °C, and that of the glazed balcony 3.7 °C,
higher than outdoor temperature. During the heating season, the
temperature differences were 0.8 °C and 4.1 °C, respectively. Tem-
perature differences between the balconies and outdoor air varied
depending on time of day and season. As outdoor temperatures
decreased, the temperature difference between the glazed balcony
and outdoor air increased, and vice versa. The greatest temperature
difference between the glazed balcony and outdoor air was 14°C;
it was measured on 12th December 2009 at 9 p.m.

The balcony window, door, and back wall external surface tem-
peratures of the glazed balcony exceeded those of the unglazed

balcony throughout the measurement period. On average, the win-
dow, door, and wall external surface temperatures of the glazed
balcony exceeded the respective temperatures of the unglazed
balcony by 2.5°C, 2.0°C, and 1.4°C. The temperature difference
between the balconies was clearly larger during the heating sea-
son than in summertime. Internal surface temperatures of the flat
with an unglazed balcony were higher than those of the flat with a
glazed balcony. The surface temperatures were significantly influ-
enced by radiator temperatures, which during the heating season
were clearly higher in the flat with an unglazed balcony than in the
one with a glazed balcony.

Literature review as well as comparison of the simulated and
measured temperatures suggests that IDA-ICE 4.61 software is well
suited for energy efficiency evaluation of balcony glazing. The high-
est modelling accuracy can be obtained by using a detailed window
structure (Detwind) and a zone (Climate) model. Of these, the zone
model had a greater effect on the calculation results than the win-
dow model. The simulation results also show that the wrong input
parameters can affect as significant or even greater impact on the
results than difference between model detailing levels. For exam-
ple, 0.1 change to the absorption coefficient causes greater effect
on the calculation results (difference 0.28) than model chance from
the detailed level to simplified one (0.2). The software’s calculation
accuracy depends on the correctness of the source data entered
and the model detailing level. Both should be paid attention in the
simulation studies.
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block of flats of the 1970s, whose impact on the energy consumption of the building was analysed with
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analysis, the five key factors affecting the energy engineering design of a glazed space are the integration
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Research has shown that higher energy savings in kilowatt hours can be achieved in a northern than
a southern climate although percentage-wise savings are higher, for example, in Central Europe than
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1. Introduction

Large glazed spaces have been architecturally and structurally
interesting building details for centuries [1-3]. Their attraction has
been based on the large size of the spaces, novel architectural
solutions and interesting details. However, these spaces have not
usually been built solely for architectural reasons but functional
requirements have also been set for them as they have served as
hospital waiting areas, or as reception areas of office buildings. The
design of such spaces is based on the required indoor air condi-
tions, such as minimum acceptable indoor air temperature, desired
average temperature and maximum acceptable temperature. They
determine the implemented solution, which takes into account
issues such as heat losses of the building and the space, storage
of solar radiation, solar protection and minimisation of cooling and
heating needs, if the required indoor conditions cannot be achieved
without an external energy source [4].

Glazed spaces in Finland are not usually big and impressive
structures but quite simple and rather small spaces, such as glazed
balconies. According to information received from the manufactur-
ers, more than 500,000 of them have been installed in this country.

* Corresponding author. Tel.: +358 40 078 0909.
E-mail addresses: kimmo.hilliaho@tut.fi, khilliaho@gmail.com (K. Hilliaho),
forename.surname@ramboll.fi (E. Mdkitalo), forename.surname@tut.fi
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Comparison of this figure to the housing database of Statistics
Finland reveals that about 70% of Finnish flat balconies are glazed.
As a rule, glazing has not been installed to improve indoor tem-
perature conditions, nor has the glazed space been designed for
maximum thermal comfort, but the basic idea in our northern cli-
mate has been to improve the usability of the space and protect the
balcony structures enclosed by the glazing [5]. Therefore, no spe-
cial requirements for the indoor air conditions of glazed balconies
have been presented in Finland.

The most typical Finnish balcony solution consists of stacked
balconies on separate foundations protruding from the facade [6]
implemented as an uninsulated precast concrete structure with
untight single glazing [7]. For this reason, continuous heating of
the balcony is uneconomical [8] and very rare in these latitudes.
It is also typical in Finland that the energy saving and overheating
impacts of balcony glazing are not known and therefore some resi-
dents keep their balcony glazing partly open through the winter,
reducing the energy saving impact, and fully closed during summer,
which causes overheating problems [9,10]. Thus, practical advice
on the energy and indoor climate impacts and optimal use of glaz-
ing is needed. The need of such information has also been observed
in previous studies [4,11].

The purpose of this study is to reveal the factors affecting the
energy engineering design of glazed spaces and the magnitude
of their impacts in northern climate by sensitivity analysis. In
the same context, we also intend to indicate the factors with the
greatest impact on the energy efficiency of buildings and produce
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information that allows improving the impact of energy efficiency
measures undertaken in renovation and new construction. The
basic case is a typical Finnish prefabricated concrete block of flats
completed in the 1970s with protruding balconies.

2. Factors affecting the thermal conditions of glazed
spaces—Background

One factor that affects the temperature conditions of glazed
spaces is the location of a building. It has virtually no effect on
the ability of the glazed space to store solar radiation [4], but a
different location changes outdoor air conditions which may have
a significant impact on the energy savings achieved by the glazed
space. It is typical of cloudy and rainy climatic conditions that the
share of diffuse radiation of short-wave solar radiation is large [12].
In windy areas glazing plays an important role as a thermal buffer
zone, reducing heat losses by transmission and infiltration [13].
Rain falling on the glazing is also of significance because it cools
down the exterior surface of the glazed structure and increases heat
losses to outdoor air. Spray irrigation is actually used as a cooling
method in warm climates [14].

The basic principle regarding location is that the more southern
and milder the climate is, the bigger the energy savings percentage-
wise. This is due to the increased amount of energy absorbed by the
space due to the increased intensity of solar radiation [15]. How-
ever, the energy savings in kilowatt hours decrease simultaneously
[16]. The highest energy savings are possible in a sunny and cold
climate [13], such as that of the Southern European Alps. From the
point of view of the availability of solar energy it is important that
the space is appropriately orientated towards the equator (+30°),
althoughit has been observed that orientation does not play a major
role as an energy saving issue [17].

To maximise the temperature difference between the glazed
space and outdoor air, it is really important to optimise the bal-
cony type and size, as well as the thermal insulation capacity and
air-tightness of the structures. As a balcony type a recessed glazed
balcony is superior to a protruding balcony because it has a smaller
exterior glazing and profits more from the building heat losses and
solar energy absorbed by the walls that connect the balcony space
to the interior space [17,18]. Increasing the length of a balcony also
increases heat losses from the building to the balcony. In general, a
long and narrow balcony is recommended for maximising energy
savings and natural light [19].

The material properties of the glazed space and the building
external wall affect the energy savings gained by the glazed space.
According to Ref. [20], for example, the thermal conductivity of the
wall has a strong influence on the heat flux through the wall, but
the density and heat capacitance (C) do not affect the values of the
heat flow or the air and wall temperatures greatly [20], albeit heat
capacitance affects temperature variations and thermal comfort of
the space [4]. By contrast, the absorption coefficients of the sur-
faces and the ability of the space to store solar radiation have a
strong impact on the interior temperatures of the glazed space and
achieved energy savings [4].

External obstructions and solar shading affect the solar radiation
stored in the glazed space. The presence of shadings during the
winter months increases the thermal resistance of the sunspace
external walls and blocks radiation exchange between sunspace
walls and deep sky [15,21]. In summer, relatively large glazed areas
of glazed balconies can lead to overheating of the balcony or the
adjacent rooms [8] even in northern climates [22] in the absence of
shading.

The air-tightness of the balcony has a marked impact on the tem-
peratures of the glazed space. Ventilation with outdoor air removes
a fraction of the energy absorbed and consequently lowers the

temperature of the sunspace [15]. The air exchange rate of untight
glazed spaces varies daily and is highly dependent on the tempera-
ture difference between the glazed space and outdoor air as well as
wind conditions [4]. The building’s ventilation solution also affects
the end result. From the point of view of the heating energy savings
of a building it is advisable to integrate the glazed space with the
mechanical exhaust ventilation and thus utilise the glazed balcony
as a supply air pre-heater [13]. In this case summer time overheat-
ing of the glazed space could cause also warming of the adjacent
flat, if the supply air terminals between the glazed balcony and the
flat are not easily closable [23]. A recommended solution for pre-
venting the glazed space temperature rise is the use of appropriate
solar shading [22] and opening of the glazing [24].

3. Research materials and methods
3.1. IDA-ICE simulation

The energy engineering analysis of glazed spaces is a special
calculation case, and no commercial energy simulation software
has been designed specifically for it. Thus, used simulation soft-
ware is usually validated before it is used to model glazed spaces.
An important aspect of the calculations is that the dynamic sim-
ulation software should take daily and yearly climatic variations
into account, model the spaces geometrically, divide solar radia-
tion into direct and diffuse radiation and correctly distribute solar
radiation into the space and the adjoining building as well as
through window structures. Surface resistances must also be calcu-
lated as temperature-dependent variables and more attention be
paid to long-wave sky radiation calculations than in normal energy
calculation [4]. The IDA-ICE 4.6.1 software used in this study incor-
porates the above features [25]. The software as many other whole
building energy simulation tools is based on the building geo-
metrical description, which provides the basis for a more detailed
calculation of the distribution of solar radiation in and between
rooms. The software calculates energy balances dynamically tak-
ing into account climatic variations and a dynamically varying
time-step. The software solves heat balance equations according
to the user defined building geometry, construction, HVAC con-
ditions and internal heat loads. Software allows use of measured
climate and weather file containing the information about air
temperature, relative humidity, wind direction and speed, direct
normal radiation and diffuse (sky) radiation on a horizontal surface
and calculates for example solar radiation based on the building
location and sun position in the sky. Accuracy of the IDA-ICE simu-
lation tool has been examined in many validation studies in recent
years [26-36]. Accordingly, selection of the IDA-ICE as the sim-
ulation tool for highly glazed space simulation is well grounded
[26,28,37,38].

3.2. The modelled building and its main parameters at the
beginning of the simulation

The idea of the simulation study was to create a base model
which represents the typical building in Finland as well as possible.
Then, a sensitivity analysis was conducted by making successive
changes to the base model and performing re-simulations after
each step. The variables were chosen from parameters found in a
literature review to have an impact on the energy savings achieved
by balcony glazing. This analysis was used to determine the relative
effect of each individual parameter on building energy consump-
tion. The final analysis included 34 calculation variables and 2 to 35
calculation cases for each. The total number of calculation cases in
the sensitivity analyses was 156. The sensitivity analyses covered
a wider scope than any of the studies presented in Section 2.
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Fig. 1. (a and b) Architect’s drawing (a) and simulation view (b) of the building’s balcony facade. The balconies are located on top of one another (a), and the temperature
conditions were as measured in a previous study [25] but simulated without heat transmission by separating them from each other. The lower balcony of the two is equipped

with glazing.

The building subjected to the simulations is a typical Finnish
1+6 storey prefabricated concrete block of flats completed in the
1970s with 3 stairwells and 54 flats (Fig. 1). The fagcade of the build-
ing is of prefabricated sandwich-type panels consisting of thermal
insulation between two relatively thin reinforced concrete layers
connected to each other by steel trusses. The south-facing balconies
are precast concrete structures with a floor slab, side panels and a
parapet panel standing on their own foundations. The structures
are light-coloured and have relatively high thermal masses. The
structures of the subject building are based on the Concrete Ele-
ment System published in 1969 [39]. Its structures and properties
are highly representative of a typical 1970s block of flats in Finland
[6]. The same structural system is in use in over 30,000 buildings
built in 1965-1995 [40].

The simulation begins with the assumption that the building lies
on open terrain in a typical Finnish suburb in Helsinki, connected
to the district heating network and ventilated by a mechanical
exhaust ventilation system. The building’s structural characteris-
tics, HVAC technology and standard of equipment are selected from
the typical solutions used in 1970s blocks of flats [6,41]. The num-
ber of occupants and their living habits are assumed to correspond
to those of a typical flat occupant in Finland [41]. The balcony glaz-
ings used consist of untight single-glazed individually opening glass
panes most commonly used in Finland. Detailed information about
the building, its characteristics and the simulation software’s main
input parameters are described in Fig. 2 and Table 1.

The simulations targeted two flats on top of one another; the
balcony of the upper flat was not glazed whereas the balcony of
the lower one was (Fig. 1a). Heat flow between the flats was pre-
vented by insulating them from each other (Fig. 1b). Heat flow
from the kitchen and bedroom to outdoor air was also prevented,
so heat flow between the flat and outdoor air generally occurred
only through the facade at the balcony. Thus, the heat losses at the

balcony via the window, door or wall represented 100% of the heat
losses through the building envelope.

4. Results and discussion
4.1. Basic level

In the base model used as a starting point of the simulations, the
heating energy consumption of the building was 3593.2 kW h in the
case of a flat with a glazed balcony and 4135.9 kW h without glaz-
ing. Glazing saved 542.7 kW h (13.1%) of heating energy. Changes
were made to this model one at a time and the simulation was
run again after each change. Each calculation case with its results,
except location, was recorded under a unique alphanumeric code.
The first column (A) shows the initial situation or the base model
whose data are also shown in Table 1. The results are presented
both in kilowatt hours and percentages.

4.2. Availability of solar energy and ambient environmental
conditions

Energy savings within Finland varied between 749 and 543 kW h
(10.9-14.9%) based on location (Fig. 3). Its impact was clearly
stronger than that of orientation, whose impact on energy sav-
ings varied from 499 to 543 kW h (11.0-13.1%) (Table 2). As a rule,
savings measured in kilowatt hours increase as we move from
south to north while percentage-wise savings decrease (Fig. 3).
In percentage terms, the biggest savings could be attained in the
Mediterranean countries, but considering the possible increased
need of cooling and modest savings in kilowatt hours the impact
of glazing is considerably greater in a northern climate than in the
Mediterranean countries.
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Fig. 2. Illustration of the simulated flat.

Table 1
Base model input data table.

Location (climate condition)

Orientation

Wind profile

Balcony facade distance from the building in front
Flat size (room number)

Flat inside air temperature

7 Standard of equipment and number of occupants

AU WN =

Helsinki (60°10'15"N, 24°56'15"E), Finland
South

Suburban

No building in front

Two-rooms

21°C

According to Finnish building regulations

8,9,10 Balcony window, door, and wall U-values 2.8, 3.0 and 0.4 W/m? K respectively

11,12 Balcony type (depth) and balcony width Protruding balcony measuring 1.5m x 4.0 m

13 Number of glazed sides (parapet-type) One side glazed (concrete parapet)

14,15 Balcony glazing type (air-tightness) and thickness of glazing Single clear glass (unsealed structure) and thickness 6 mm
16 Flat type Exterior wall only on one side of the building
17,18 Vertical and horizontal position of the balcony in building Middle residential floor

19 Building ventilation type (air change rate) Mechanical exhaust ventilation (0.5 ACH)

20 Supply air intake solution Directly from the outside

21 Glazed space unintended ventilation 2-4 ACH

22 Openness of the balcony glazing (balcony glazing airing) Completely closed

23 Building air leakage coefficient (at 50 Pa pressure difference) 1 ACH

24 Heating capacity design of hot water radiators Heating capacity 140% of the building heat losses in Sodankyla
25 Heating system control curve position Initial settings (Sodankyla design condition)

26 Heating system summer shut-off Summer shut-off in June, July and August

27 Building’s heat delivery system Hot water radiator heating system (70/40 system)
28 Heat losses from the heat delivery system to the flat No heat loss

29 Specific heat capacity of balcony structures 880]/(kgK)

30 Lambda value of balcony structures 2.5W/(mK)

31 Density of balcony structures 2300 kg/m?

32 Surfaces absorptivity (Balcony and external wall) 0.95

33 Surface emissivity (Balcony and external wall) 0.95

34 Window or balcony glazing blinds placement position No blinds

A southern orientation is better than others, but the overall
effect of orientation on the end result was rather modest, only
44 kKW h. This is due to the closed glazed space under analysis and
northern climate (weather data for Helsinki). In these conditions
with only 6.3 m? of glazing on one side, hardly any solar radiation
energy enters the glazed space during the winter months, so energy
savings come mainly from smaller heat losses of the building. Closer
to the equator and with a larger glazed area the significance of
glazing would increase considerably in percentage-wise analysis,
while there would be virtually no change in kilowatt hours. For
example, in Barcelona conditions with a balcony glazed on three
sides the energy saving impact varied between 217 and 247 kW h

(19.4-42.2%) due to orientation. The variation in percentage-wise
savings was almost exclusively due to change in orientation and the
variation in savings in kilowatt hours due to change in glazed area.
An increase in glazed area slightly increased the energy savings in
kilowatt hours provided by balcony glazing.

On the level of individual flats, the wind profile had only a minor
impact on energy savings, as shown by Table 2. Likewise, exter-
nal shading did not seem to have much impact on the end result
although it increased the total energy consumption of flats consid-
erably. On the basis of the results, an obstruction of building height
10 to 20 m from the glazed balcony does not reduce the availability
of solar radiation significantly (Table 2).
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Fig. 3. Impact of building’s geographical position (latitude) on the energy savings achieved by a glazed space. The results are absolute yearly values. In the initial simulation

situation (base model) the building was situated in Helsinki, Finland.

Table 2

Orientation, wind profile and external obstruction calculation results. Column A shows the base model, that is, the case to which simulation results are compared after
individual changes. The results are presented both as absolute savings and as differences to the base model.

A B C D E F G H
kWh % kWh % kWh % kWh % kWh % kWh % kWh % kWh %

2 Orientation South South-West  West North-West  North North-East East South-East
Absolute savings 543 13.1 516 124 499 11.7 505 111 505 11.0 510 113 499 11.7 510 123
Difference to base model -27 -0.7 -43 -14 -38 -20 -38 -2.1  -33 -1.8 -43 -14 -33 -0.8

3 Wind profile Suburban City centre Open country
Absolute savings 543 13.1 548 13.2 537 13.0
Difference to base model +5 +0.1 -5 -0.1

4 Building distance from the No building  10-20m 20-100 m 100 m
building in front in front
Absolute savings 543 13.1 570 12.7 548 13.0 548 13.1
Difference to base model +27 -0.4 +5 -0.1 +5 0.0

4.3. Flat size and usage habits

In the analysis of the impact of flat size, the area of the enve-
lope was kept constant and only the number of rooms inside the
building was varied depending on the case. Thus the heat losses
from the envelope and the benefit from the heating energy of
solar radiation remained the same while the number of occu-
pants, power consumption of lighting and electrical equipment as
well as air exchange rate changed in direct proportion to flat size.
From that perspective, energy savings varied from 526 to 543 kW h
(10.6-15.9%) between different cases. About equal savings in kilo-
watt hours thus appear larger in the case of a one-room flat than a
three-room flat. A comparison of energy savings in kilowatt hours
is therefore more sensible.

The temperature inside a flat has a significant impact on the
building’s energy consumption. For example, raising the internal
temperature from 19°C to 23°C increases the energy consump-
tion of a flat without balcony glazing from 3479 to 4790 kW h (by
1311 kW h). Percentage-wise the total change in energy consump-
tion is 27% (a change of 4°C in indoor temperature), which means
that raising the temperature of a flat by one degree increases its
heating energy consumption by approx. 7%. The results presented
in Table 3 also reveal that percentage-wise balcony glazing appears
to be most useful in buildings where indoor temperatures are kept
as low as possible, but based on kilowatt hours the benefit increases

with increasing indoor temperatures. On the whole, the results
varied between 467 and 592 kW h (12.3-13.4%) due to changes in
indoor temperature. The impact of glazing in kilowatt hours was
stronger than that of orientation or external shading.

In the base model the standard of equipment and usage of
the building corresponded to the national calculation guidelines
of Finland and were based on floor area [42] with respect to the
number of occupants (3 W/m?2), lighting (11 W/m?2) and electrical
equipment (4 W/m?) as well as presence and usage times. These
values correspond to typical usage of a flat in Finland [41]. In other
calculation cases these values were changed by the percentages
presented for each case. Table 3 shows that increasing the amount
of electrical equipment, lighting and occupants increases internal
heatloads which, consequently, reduces the need of heating energy.
This is reflected in smaller savings in kilowatt hours. However,
at the same time the relative significance of balcony glazing for
the energy savings of the entire building grows, which means that
savings increase in percentage terms.

4.4. Building and glazed space thermal losses

The insulation level of the structures between the building and
the glazed space, such as windows, doors and wall, have a decisive
impact on energy savings, since they largely determine how much
thermal energy escapes through the structures from the flat to the
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Flat size, inside temperature and usage habits calculation results. Column A shows the base model, that is, the case to which simulation results are compared after individual
changes. The results are presented both as absolute savings and as differences to the base model.

B C D E
kW h % kW h % kW h % kW h % kW h %
5 Number of rooms in flat (size) Two (64 m?) One (45 m?) Three (83 m2)
Absolute savings 543 13.1 543 15.9 526 10.6
Difference to base model 0 +2.8 -16 -2.5
6 Flat inside temperature 21°C 20°C 19°C 22°C 23°C
Absolute savings 543 13.1 504 13.2 467 134 570 12.7 592 123
Difference to base model -38 +0.1 -76 +0.3 +27 -04 +49 -0.8
7 Standard of equipment and According to Finnish Regulation level Regulation level Regulation level Regulation level
number of occupants building regulations —-20% —40% +20% +40%
Absolute savings 543 13.1 548 124 548 11.8 532 13.6 521 141
Difference to base model +5 -0.7 +5 -1.3 -11 +0.5 -22 +1.1
Table 4

Calculation results for U-value, balcony type and dimensions as well as amount and type of glazing and location of flat. Column A shows the base model, that is, the case to
which simulation results are compared after individual changes. The results are presented both as absolute savings and as differences to the base model.

A B C D E F
kWh % kWh % kWh % kWh % kW h % kWh %
8  Balcony window U-value 2.8W/m? K 2.1W/m2K 1.8W/m2 K 1.2W/m2 K 1.0W/m2 K
Absolute savings 543 13.1 423 10.9 407 105 326 8.9 315 8.7
Difference to base model -119 -22 -136 -26 =217 -42 -228 -4.6
9 Balcony door U-value 3.0W/m?K 1.9W/m? K 1.4W/m? K 1.2W/m? K 1.0W/m? K
Absolute savings 543 13.1 445 113 396 103 385 10.1 369 9.8
Difference to base model -98 -1.8 147 -28 157 -3.0 -174 -33
10  Exterior wall U-value 0.4W/m?K 0.29W/m? K 0.28 W/m? K 0.24W/m? K 0.17W/m? K
Absolute savings 543 13.1 521 12.8 510 12.7 499 12.6 483 123
Difference to base model -22 -0.3 -33 -04 -43 -0.5 -60 -0.8
11  Balcony type (depth) Protruding Protruding Recessed Recessed Semi-recessed Semi-recessed
balcony (1.5 m) balcony (3.0m) balcony (1.5m) balcony (3.0m) balcony (1.5m) balcony (3.0 m)
Absolute savings 543 13.1 526 121 863 194 1156 233 689 159 765 16.5
Difference to base model -16 -1.1 +320 +6.3 +613 +10.2 +147 +2.8 +223 +3.4
12  Balcony width 4m width 3 m width 5m width 6 m width 7 m width 8 m width
Absolute savings 543 13.1 505 12.2 581 139 624 14.9 689 164 738 17.6
Difference to base model -38 -0.9 +38 +0.8 +81 +1.8 +147 +3.3 +195 +4.5
13  Number of glazed sides (parapet-type)  One (concrete) Two (concrete) Three (concrete) One (glass) Two (glass) Three (glass)
Absolute savings 543 13.1 543 13.1 510 124 537 13.0 521 126 494 12.1
Difference to base model 0 0.0 -33 -0.7 -5 -0.1 =22 -0.5 -49 -1.1
14  Balcony glazing type (air-tightness) Single clear Single clear Double clear Double clear Triple low-e Triple low-e
pane (untight) pane (air-tight) pane (untight) pane (air-tight) pane (untight) pane (air-tight)
Absolute savings 543 13.1 613 14.8 570 13.8 662 16.0 467 113 581 14.0
Difference to base model +71 +1.7 +27 +0.7 +119 +2.9 -76 -1.8 +38 +0.9
15  Thickness of glazing 6 mm Smm 10 mm 12mm
Absolute savings 543 13.1 521 12.6 510 12.3 483 11.7
Difference to base model -22 -0.5 -33 -0.8 —60 -1.4
16  Flat type Exterior wall only Flat extends from
on one side of the front to back of
building building
Absolute savings 543 13.1 532 9.3
Difference to base model -11 -3.8
17  Vertical position Middle Upper Lower
Absolute savings 543 13.1 521 8.8 526 9.4
Difference to base model -22 -4.3 -16 -3.7
18  Horizontal position Middle Outermost
Absolute savings 543 13.1 532 10.3
Difference to base model -109 -238
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balcony, that is, how much energy the space “receives” from the
flat (Table 4). The impact is even bigger if the insulation level of
windows, doors and the wall is improved simultaneously. For
example, changing the insulation level of windows, doors and the
wall from the level of column A to the level of column E cuts energy
savings from 13.3% to 3.4%.

Balcony type and size also have a decisive impact on the heat
loss energy received by the balcony. From the viewpoint of energy
savings, the best solution is a large recessed balcony and the poo-
rest a small protruding balcony. A comparison of the energy savings
impactofa3 mdeeprecessed balcony in abuilding with a poor ther-
mal insulation level (Table 4, Case 11D; 23.3%) to thatofa 1.5 m deep
protruding balcony (example in Section 4.4; 3.4%) demonstrates
graphically the energy-saving significance of the ratio of the ther-
mal energy lost to outdoor air through the glazed space to energy
received from the building. The difference in the energy savings of
the above cases was about 7-fold.

Increasing the number of glazed sides in the balcony also
impacts the energy savings from balcony glazing. This impact is
highly linear and similar in both kilowatt hour and percentage-wise
analyses. In the base model, the protruding balcony has an airtight
concrete parapet (U=4.2 W/m? K), solid side walls (U=3.5 W/m? K)
and untight balcony glazing (U= 5.8 W/m?2 K). Due to an increase in
the number of glazed sides (Case 13), the space collects more solar
radiation throughout the year while at the same time heat losses
from the space to outdoor air increase because of lower U-values
and higher unintended ventilation (from 2.1 to 5.3 air changes
per hour). The net impact of the increased solar radiation, lower
U-values and increased air exchange rate is slightly negative. If air-
tightness had remained on the original level, percentage-wise and
kilowatt hour-based savings would have been 14.4% and 592 kW h
in Case 13E, that is, the net impact of the increased glazing would
have been positive. The impact of the amount of untight glazing
on the inside temperatures and air exchange rates of a space is
illustrated in Fig. 4.

ABSORPTIVITY = 0.95 ABSORPTIVITY = 0.80
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The type of glazing has no significant impact on the energy
savings achieved by a glazed space unless the air-tightness of
the glazing is improved at the same time. The significance of
air-tightness is even greater as thermal insulation capacity of the
glazing improves because it improves the ability of the space to
store heat energy, as shown in Table 4 (Case 14). In the case of
single glazing, improving the air-tightness of the glazing increases
energy savings by 11.5% and in the case of double glazing by 13.8%.
Air-tightness and highly heat-insulating glazing have a stronger
impact in the case of recessed than protruding balconies.

The material technical properties of glazing are also of impor-
tance for energy savings. This is shown, for example, by a
comparison of calculation Cases 14B, 14D and 14F (Table 4). When
a single-glazed pane (Case 14B) is replaced by a double-glazed one
(Case 14D), solar radiation penetrating the pane drops from 0.8 to
0.75, the U-value from 5.8 W/m?2 K to 2.9 W/m? K while energy sav-
ings increase from 14.8% to 16%. Alternatively, a single-glazed pane
can be replaced by a triple-glazed one (Case 14D) whereby the solar
radiation penetrating the pane changes from 0.8 to 0.55, the U-value
from 5.8 W/m2K to 1.1 W/m2 K, and energy savings decrease from
14.8% to 14%. Thus, triple glazing saves slightly less energy than the
single glazing of the base model. This proves that high permeability
to solar radiation is more important for energy savings than a high
thermal insulation level of glazing.

The energy savings achieved by a glazed space can appear small
or great depending on the energy consumption level of the building.
This applies especially to blocks of flats where the energy con-
sumption of a flat may vary considerably according to its size and
location in the building. For example, a flat situated in a top corner
of the building consumed 1.75 times more energy due to bigger
heat losses through the envelope than a centrally located flat. Con-
sequently, about the same energy savings in kilowatt hours was
proportioned to higher consumption whereby savings in percent-
age terms dropped from 13.1% to 6%, that is, the percentage-wise
savings were only about half of the base model’s. For that reason, an
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Fig. 4. Solar energy absorptivity of glazed space in relation to the amount of glazing and surface absorption coefficient.
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analysis based on kilowatt hours is often more useful in assessing
the real energy saving impact of glazing than a percentage-wise
analysis.

4.5. Intended and unintended ventilation of building and glazed
space

The ventilation system and air exchange rate of a building
have a significant impact on the energy savings achieved by bal-
cony glazing. In terms of kilowatt hours, the largest savings are
attained in buildings with mechanical exhaust ventilation and a
high air exchange rate. In such buildings the heat from internal
heat loads is transferred effectively to outdoor air by ventilation,
which increases the heating need of the building and the energy
savings attained by balcony glazing. At lower air exchange rates,
internal heat loads contribute more to the heating the building,
which reduces heating need and the energy economic benefit deriv-
ing from balcony glazing. In percentage-wise analysis, again, the
lower the air exchange rate of the building the bigger the savings
attained, as Table 5 shows.

The energy savings achieved by mechanical exhaust ventilation
can be increased considerably by utilising the glazed balcony as a
supply air pre-heater (Case 20, Table 5). Its relative significance is
higher in the case of a protruding balcony than a recessed one. The
amount of supply air and the air-tightness of the balcony also affect
the end result. Decreasing the amount of supply air taken from the
balcony by a third reduces the energy savings from balcony glazing
by about 28%, doubling the untightness of a glazed balcony (Case
21B) by 11% and tripling it (Case 21C) by 19%. The air-tightness of
the balcony is the more significant the less supply air is taken from
the balcony. For instance, the reduction in energy savings in Case
21B grew from 11% to 22% when only a third of the building’s supply
air was taken through the glazed balcony.

The air-tightness of a building has an impact on the building’s
total energy consumption and hence also on the relative savings
attained by balcony glazing, as Table 5 shows, but the impact is
a minor on the whole. When the area of the building envelope
increases and supply air is taken through glazed space, the signifi-
cance of air-tightness grows. In the worst case scenario, the supply
air does not enter the flat through the glazed space as desired but
through an untight point. Then, the supply air solution does not

Table 5

work as desired, which is also reflected in the results of the energy
savings calculations.

4.6. Building heating system and its characteristics

The dimensioning and controls of the heating system and
the settings of room thermostats affect the practically achievable
energy savings. This is due to the fact that in the case of a correctly
dimensioned radiator system and properly adjusted heating sys-
tem the entire energy saving potential achieved by balcony glazing
is realised. In the case of an undersised (Case 24) or improperly
adjusted heating system (Case 25), the occupant may have set the
room thermostat to a temperature that could not be attained in the
flat. Then, part of the savings attained by the installation of balcony
glazing goes to increasing the indoor temperature if the thermostat
is not reset after the installation, as shown in Fig. 5.

The heat distribution method and heat losses of heat distribu-
tion seem to have little significance for energy savings. On the other
hand, there is a slight difference between the heat distribution sys-
tems due to their assumed system heat losses. The best energy
economy is attained with an ideal heater since the production of
heat is lossless. Table 6 also shows that shutting off the heating
system for June, July and August (the summer season) has a minor
impact on energy savings. However, in terms of overall economy, it
is sensible to shut off the heating system for the summer if heating
is not otherwise necessary in the building.

4.7. Glazed space construction materials and material properties

The density and specific heat capacity of balcony structures have
no impact on the energy savings achieved by glazing, albeit specific
heat capacity has a clear effect on the daily temperature variation
inside the glazed space (Fig. 6). By contrast, the thermal conduc-
tivity of the structures has an impact on energy savings because it
improves the thermal insulation capacity of the structure, as shown
by the calculation results for Case 30 (Table 7). However, the effect
is rather modest. A five-fold change in the lambda values between
Cases 30A and 30B improved energy savings in kilowatt hours by
14.5% and 11.5% in percentage-wise analysis.

The absorption coefficient of surfaces has a significant impact
on energy savings, as shown in Table 7. It determines how much

Building ventilation type and supply air intake solution as well as building and glazed space air-tightness calculation results. Column A shows the base model, that is, the
case to which simulation results are compared after individual changes. The results are presented both as absolute savings and as differences to the base model.

A B C D E
kWh % kWh % kWh % kWh % kWh %
19 Building ventilation type (air exchange rate) Mechanical Mechanical Mechanical 50% heat recovery 75% heat recovery
exhaust (0.5 ACH) exhaust (0.4 ACH) exhaust (0.2 ACH) ventilation ventilation
Absolute savings 543 131 15.5 429 232 456 17.6 418 18.1
Difference to base model -10.9 +2.4 -114 +10.1 -87 +4.5 -125 +5.0
20 Supply air intake solution Directly from the Through the glazed
outside balcony
Absolute savings 543 13.1 1015 259
Difference to base model +472 +12.8
21 Glazed space unintended ventilation 1.5-2.6 ACH 2.8-4.9 ACH 3.7-6.5 ACH
Absolute savings 543 13.1 11.7 440 10.6
Difference to base model -14 -103 -2.5
22 Openness of the balcony glazing Completelyclosed 1% (airing position) 2% open 8% open 15% (one pane open)
Absolute savings 543 13.1 11.8 440 10.6 364 8.8 226 6.4
Difference to base model -1.3 -103 -2.5 -179 -43 =277 -6.7
23 Building air leakage coefficient 1ACH 0.5 ACH 2ACH 4 ACH
Absolute savings 543 131 13.6 537 12.2 543 109
Difference to base model +0.5 -5 -0.9 0 -2.2
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Fig. 5. Mean living room air temperatures at two different heating system capacities.

Heating-system-capacity design, control and heat delivery calculation results. Column A shows the base model, that is, the case to which simulation results are compared
after individual changes. The results are presented both as absolute savings and as differences to the base model.

A B C D E
kWh % kWh % kWh % kW h % kWh %

24 Heating capacity design Oversized 40% Oversized 20% Properly sized Undersized 20% Undersized 40%
Absolute savings 543 13.1 532 12.8 440 11.0 385 10.5 336 10.1
Difference to base model -11 -0.3 -103 -2.1 -157 -2.6 -206 -3.0

25 Heating system adjustment curve position Initial settings Lowest value Lowest value Lowest value Lowest value

(Sodankyla design increased by increased by decreased by decreased by
condition) +4°C +8°C —-4°C -8°C
Absolute savings 543 13.1 559 134 564 135 478 11.8 423 10.9
Difference to base model +16 +0.3 +22 +0.4 —65 -13 -119 -2.2

26 Heating system summer shut-off June-August No shut-off
Absolute savings 543 131 575 13.8
Difference to base model +33 +0.7

27 Building heat delivery system (70/40 system) Hot water radiator Ideal heater Underfloor water  Electric underfloor

heating system heating system heating system
Absolute savings 543 13.1 608 14.0 564 13.0 630 141
Difference to base model +65 +0.9 +22 -0.1 +87 +1.1

28 Heat losses from the heat delivery system to the flat No heat loss 10% heat loss 20% heat loss 30% heat loss 40% heat loss
Absolute savings 543 13.1 543 134 548 13.5 548 13.8 548 139
Difference to base model 0 +0.3 +5 +0.4 +5 +0.7 +5 +0.8
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Fig. 6. Inside temperature of a glazed balcony from 5 to 7 May based on the specific heat capacity of balcony structures.

solar radiation energy is stored in the balcony and how much is
reflected back to outdoor air (Fig. 4). The impact is clearly visible
even with glazing on just one side (Case 32), but it is even clearer in
the case of glazing on several sides (Fig. 4). The impact of emissivity
is not as high, since the emissivity of the coatings of balcony struc-
tures generally used in Finland does not vary as much as absorption
coefficients. As a rule, however, surfaces of high absorption capac-
ity, but low emissivity, should be preferred.

4.8. Solar shading

In the window blind simulations blinds were installed on win-
dows of both flats and the glass panes of the glazed balconies. The
blinds were assumed to be used throughout the year and remain
always closed to facilitate calculations. Cases 34B, 34C and 34D
of Table 8 show that window blinds have virtually no impact on
energy savings if they are used the same way in both flats, albeit
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Table 7

Calculation results on balcony structures’ material and surface parameters. Column A shows the base model, that is, the case to which simulation results are compared after
individual changes. The results are presented both as absolute savings and as differences from the base model.

A B C D E F
kWh % kWh % kW h % kWh % kW h % kWh %
29 Specific heat capacity 880]J/(kgK) 800]J/(kgK) 1000]/(kg K) 1200J/(kg K) 1400]/(kg K) 1600]/(kg K)
Absolute savings 543 13.1 543 13.1 543 13.1 543 13.1 548 13.2 548 13.2
Difference to base model 0 0.0 0 0.0 0 0.0 +5 +0.1 +5 +0.1
30 Lambda value 2.5W/(mK) 0.5W/(mK) 0.9W/(mK) 1.3 W/(mK) 1.7 W/(mK) 2.1W/(mK)
Absolute savings 543 13.1 635 14.8 592 141 575 13.8 559 134 548 13.2
Difference to base model +92 +1.7 +49 +1.0 +33 +0.7 +16 +0.3 +5 +0.1
31 Density 2300 kg/m> 500 kg/m? 1000 kg/m? 1500 kg/m? 2000 kg/m> 2500 kg/m>
Absolute savings 543 131 537 12.8 537 13.0 543 13.0 543 131 543 131
Difference to base model -5 -03 -5 -0.1 1 -0.1 0 0.0 0 0.0
32 Surface absorptivity 0.95 0.9 0.8 0.6 0.4 0.2
Absolute savings 543 131 532 12.8 516 124 467 114 412 10.2 336 8.5
Difference to base model -10.9 -03 -27 -0.7 -76 -1.7 -130 -29 -206 -4.6
33 Surface emissivity 0.95 0.9 0.8 0.6 0.4 0.2
Absolute savings 543 131 548 13.2 564 13.6 597 144 630 15.2 662 16.1
Difference to base model +5 +0.1 +22 +0.5 +54 +1.3 +87 +2.1 +119 +3.0
Table 8

Solar shading calculation results. Column A shows the base model, that is, the case to which simulation results are compared after individual changes. The results are presented

both as absolute savings and as differences from the base model.

A B C D E F
kW h % kW h % kW h % kW h % kWh % kWh %
34 Window or balcony glazing blind positions No blind Window Window blinds Window Balcony glazing Balcony glazing
external blinds between panes internal blinds internal blinds external blinds
Absolute savings 543 13.1 516 12.6 526 12.8 548 13.0 201 4.9 114 2.8
Difference to base model -27 -0.5 -16 -0.3 +5 -0.1 —342 -8.3 —429 -10.3

they increase the total energy consumption of the building as exter-
nal shading does (Case 4, Table 2). By contrast, balcony glazing
blinds have a really big impact on energy savings if they are kept
closed for the entire heating season, because they only shield the
flat with balcony glazing from solar radiation which can penetrate
the flat without balcony glazing unobstructed. Then, the thermal
insulation effect of the blinds does not come even close to com-
pensating the loss of solar radiation energy (Table 8, Cases 34E
and 34F). On the other hand, this analysis also proves the ability
of blinds to prevent solar radiation from penetrating the balcony
which together with airing through the balcony glazing ensures
efficient ventilation in summer. For example, opening of one bal-
cony glass pane as in calculation Case 34F reduces the energy
savings effect to roughly 0.8%. This leads to the conclusion that
the glazing has virtually no impact on the heating up of balcony
air during summertime.

5. Conclusions

The sensitivity analysis involving 34 calculation variables and
156 cases was conducted taking extensively into account the affect-
ing factors by comparing them to a predefined basic case in Finland.
The objective was to reveal the most critical factors affecting the
energy saving benefits of glazed space in building and the magni-
tude of their impacts in northern climate. The properties examined
in the calculations were primarily the features of the glazed space,
but also building properties affecting the building's ability to take
advantage of glazing as an energy saving mean. The basic case of the
dynamic simulations was a typical Finnish prefabricated concrete
block of flats completed in the 1970s with protruding balconies.

The energy saving potential of the Finnish building stock from
1960s to 1970s varies between 80 kW h (1%) and 1600 kW h (30%),
having typically about 400 kW h (9%). The key variables in the

energy engineering design of a glazed space proved to be the inte-
gration of the space in the building’s ventilation, heat losses from
the building to the glazed space and from the space outdoors (bal-
cony type and U-values of structures), air-tightness of the balcony,
and absorption coefficients of surfaces. The key properties of the
building with regard to the energy saving potential of the glazed
space, again, are the sizing and adjustment of the heating system,
selection of a ventilation system and the indoor temperature level
of the flat, as well as the building’s energy consumption level, which
depends largely on the size and heat losses of the flat (location of
the flat in the building).

The results showed that the energy savings impact of a glazed
space vary a lot between cases and depend, not only on the proper-
ties of the glazed space, but also on the building and its properties.
The basic case proved to be a very potential glazing installa-
tion target with an energy saving potential of 543 kWh (13.1%)
in consequence of reasonable low unintended ventilation level
of the balcony structures and weak thermal insulation, especially
if directed to the south and balconies surface painted with dark
colors, such as in the calculation, even if the supply air should
be drawn in the building from outside the glazed space and not
through it unlike the general practice in 1970s buildings. The study
also showed that single glazed balcony glazing with air gaps and
openable panes are a good option for balconies, especially for situ-
ations such as Finland, where the construction regulations require
untight solutions. Tightly and with double glazing implemented
solutions are counted in the building gross-floor area and ven-
tilation demanded to arrange separately. These will significantly
increase the costs of the glazing installation. Therefore, the current
solution is recommended.

The study showed that energy savings in kilowatt hours are
larger in a Northern climatic condition than in Central Europe. The
most suitable targets for glazing are old buildings with recessed
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balconies that get their supply air through a glazed space. The calcu-
lations also proved that percentage-wise analysis of energy savings
was not sensible in all cases because it yielded partly misleading
results. Therefore, a percentage-wise analysis of energy savings
should be complemented by an analysis based on kilowatt hours.
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In this study the temperatures on 22 balconies (17 glazed) and adjacent flats were monitored with an aim
to determine the key factors affecting the ability of a glazed balcony to warm up and remain warm without
a heater. Considered were glazed balconies in different locations, the amount of glazing and building heat
loss, the tightness of balcony vertical structures, and balcony ability to capture solar radiation.

Temperature monitoring showed that over a year the air temperature of both glazed and unglazed
balconies remained almost without an exception above the outdoor air temperature. On average, the
temperatures of unglazed balconies were 2.0°C and those of glazed balconies 5.0°C higher than the
outdoor air temperature. The three key factors affecting the glazed balcony temperatures seemed to be
the level of air leakage in the balcony vertical structures, the balcony’s ability to capture solar radiation,
and the heat gain from an adjacent flat, in that order. The air tightness of the glazing was the most crucial
factor, since it affected the results all the year round. Solar radiation was important from spring to autumn
and heat gain in midwinter.
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1. Introduction

For centuries, large glazed spaces have been architecturally
and structurally interesting building details [1-3]. Their attraction
lies in large spaces, novel architectural solutions, and interesting
details. However, these spaces have not usually been built solely for
architectural reasons, but functional requirements have also been
set for them as they have served as hospital waiting areas, recep-
tion areas in office buildings, etc. The design of such spaces is based
on required indoor air conditions, such as minimum acceptable
indoor air temperature, desired average temperature, and maxi-
mum acceptable temperature. They determine the design solution,
which takes into account issues such as heat losses in the build-
ing and the space, storage of solar radiation, solar protection, and
minimisation of cooling and heating needs, if the required indoor
conditions cannot be realized without an external energy source
[4].

In Finland, glazed spaces are not usually big and impressive
structures but quite simple and rather small spaces, such as glazed
balconies. The glazing system consists of 5-6 opening balcony
glass panes, characterized by transparent 6-mm float glass panes

* Corresponding author.
E-mail addresses: kimmo.hilliaho@tut.fi, khilliaho@gmail.com (K. Hilliaho).

http://dx.doi.org/10.1016/j.enbuild.2016.07.025
0378-7788/© 2016 Elsevier B.V. All rights reserved.

(U=5.8W/m2K, g=0.82) and non-insulated aluminum profiles.
Between the panes have usually 2-3-mm air gaps [5], allowing
sufficient natural ventilation in the balcony and making continu-
ous heating of the balcony uneconomical [6]. Because many Finns
are not aware of the energy saving and overheating impacts of
balcony glazing, some residents keep their balcony glazing partly
open throughout the winter, reducing thus energy savings, and
fully closed during summer, causing thereby overheating problems
[7,8]. This is partly due to a lack of broader study of glazed balcony
temperature behavior in northern climate conditions and lacking
information about the key factors affecting the energy and indoor
climate design of a glazed space. The need for such information has
also been emphasized in other studies [4,9].

This paper presents the results of a study conducted by measur-
ing temperatures on 22 balconies (17 glazed) and adjacent flats in
Tampere, Finland, to determine the effect of building conduction
losses, tightness of balcony vertical structures, ability to capture
solar radiation, and the amount of glazing and locations on the
balcony indoor climate. The study sought to find the key factors
affecting the ability of glazed balconies to warm up in northern
climate conditions and thereby to improve glazed balcony temper-
ature behavior for future design.
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2. Background

According to the literature, glazed space air temperatures have
been measured to evaluate, e.g., thermal comfort and operative
temperatures on many occasions and almost all over the world.
Studies have usually focused on either a clearly different climate
[10-12], another continent [13-15], or central Europe [16,17],
where the climate conditions differ from those in Finland. Thus
their perspective has been different (e.g., emphasis on overheat-
ing rather than on energy saving). Their measurements have
focused on atrium [10,13], sunspace [12,15,18] or some solar space
[11], though some balcony glazing studies have also been made
[16,17,19]. Older measurements have focused on indoor climate
behavior [12,16] and later ones, either partially [15] or wholly
[12,18], on the validation of simulation programs. The only exten-
sive field monitoring of glazed balconies is over ten years old,
conducted under the International Energy Agency (IEA) Solar Heat-
ing and Cooling (SHC) program Task 20 “Solar energy in building
renovation”. Its results are available, e.g., in Refs. [9,20,21]. Rather
than by extensive field measurements, the sensitivity of glazed
space characteristics to space temperatures has been mainly ana-
lyzed by computer simulation [22,23]. Glazing has generally been
single glazing [17,24] and/or double glazing [6,23,25] with sliding
[19,26] or non-sliding panes [12], and as a rule with vertical frames
[6,19,23,25]. Previous studies have rarely focused on the most com-
monly used frameless single glazing in Finland with a sliding and
pane-by-pane opening glazing system, such as that in Ref. [24]. A
special feature of this glazing are its 2-3-mm air gaps between the
panes, which makes it a significantly un-tighter solution than that
in previous studies.

Some studies in Finland and the neighboring countries have
monitored balcony temperatures [4,8,19,24,27]. In most of them,
either the number of measured balconies has been small [4,19,24]
and/or their research perspective has been other than to improve
the thermal behavior of a glazed balcony [19,24]. Some aforemen-
tioned studies have also focused on the potential of balcony glazing
for energy savings [4,8,19,27], a topic also discussed in Refs. [7,28],
though without temperature measurements.

In terms of measurement technicalities, the previous studies dif-
fer very little. Usually monitored have been the temperatures of
the sunspace, the adjacent living space, and the outside air (dry
bulb and relative humidity) while at the same time using factory-
calibrated data loggers [11,13,15-17], some temperature sensors
[15], and/or thermocouples (shielded or unshielded)[10,12,13,18].
Temperatures have usually been recorded at 10-min [15], 15-min
[11,14,16,17], 20-min [10], or 1-h intervals, and measurements
have lasted from a few days to several years [24]. The most com-
mon temperature recording interval has been 10 or 15 min, but
one monitoring study has established that a logging interval of one
hour would be sufficient [16]. Of particular importance has also
been to use the same measuring intervals with individual loggers
[16] and to start temperature recording simultaneously for easier
later comparison of the results.

The results of the previous studies clearly show that the tem-
peratures of a glazed space, such as sunspaces [11,15,29] and
glazed balconies [8,24,27] are higher than the outdoor air temper-
ature. They also show that to maximize the temperature difference
between a glazed space and the outdoor air, space type and size
must be optimized along with the thermal insulation capacity and
air-tightness of the structures. As to the balcony type, a recessed
glazed balcony is superior to a protruding balcony, because it has
a small exterior glazed area and a large exterior wall area, through
this balcony receives transferred heat from the adjacent flat[16,27].
Increasing the length of a balcony also increases transmission losses
from the adjacent flat. In general, a long and narrow balcony is rec-
ommended for maximizing energy savings and natural light [30].

The location affects the energy saving effect and the indoor cli-
mate of a glazed space. The basic principle is that the more southern
and milder the climate, the higher the yearly mean temperature
and the bigger the percentage of energy savings. This is because
of the increased amount of energy absorbed by the space due to
the increased intensity of solar radiation [31]. The highest energy
savings are possible in a sunny and cold climate [20], such as that
of the southern European Alps. Orientation, external obstructions,
and solar shading also affect the solar radiation stored, because they
limit the amount of radiation entering the space. It isimportant that
the space be oriented towards the equator (+/—30°), though it has
been observed that orientation is not the major contributor to the
energy savings of a glazed balcony [26]. It is also proved that added
glazing area can increase the amount of solar energy absorbed and
lead to the overheating of the balcony or the adjacent rooms [6],
even in northern climates [22] in the absence of shading.

The material properties of the glazed space and the building
external wall affect the indoor temperature and energy savings of
the glazed space. According to Ref. [23], e.g., the thermal conduc-
tivity of the wall strongly affects the heat flux through the wall,
but its density and heat capacitance (C) have only a small effect
[23], albeit heat capacitance affects temperature variations and the
thermal comfort of the space [4]. By contrast, the absorption coef-
ficients of the surfaces and the ability of the space to store solar
radiation have a strong impact on the interior temperatures of the
glazed space and the energy savings [4].

The air-tightness of the envelope structures of glazed spaces
has a further marked impact on their temperatures. Ventilation
with outdoor air removes a fraction of the energy absorbed and
consequently lowers the temperature of the sunspace [31]. The air
exchange rate of un-tight glazed spaces varies daily and greatly
depends on the temperature difference between the glazed space
and the outdoor air and the wind conditions [4]. The building’s ven-
tilation solution also affects the end result. In terms of the heating
energy savings of the building, it is advisable to integrate the glazed
space with mechanical exhaust ventilation and thus use the glazed
balcony as a supply air pre-heater [20]. The overheat of the glazed
space could thus warm up the adjacent flat in summer time, if the
supply air terminals between the glazed balcony and the flat are
not easily closable [19]. Excessive indoor temperatures could be
prevented by using an appropriate solar shading solution with the
glazing [22] and by increasing airing by opening the balcony glazing
[32].

As mentioned above, most glazed space studies have focused
on glazed spaces other than glazed balconies and with glazing solu-
tions different from the typical Finnish one. In addition, the climate
conditions in those studies have differed from the northern Euro-
pean climate, and their sensitivity analysis has been founded on
computer models instead of field monitoring.

3. Research materials and methods

The research material consists of climate and weather infor-
mation on Tampere, a description of the studied buildings and
balconies, and a monitoring set up for 22 balconies and their adjoin-
ing flats.

3.1. Climate and weather

The city of Tampere (61°29'53”N, 23°45'39”E) is located about
200 km north of the Finland'‘s southern coastal line. Its winter is cold
and summer mild (Képpen-Geiger Dfc) [33]. The annual average
temperature of the city is 4.4°C (36.4°F), and in a normal year, it
has 4424 heating degree-days (HDD17) [34].
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Fig. 1. Measured buildings are located in three suburban areas in Tampere. The weather stations (three) of the Finnish Meteorological Institute (FMI) are shown in dots. The

Tampere-Pirkkala airport weather station is located in the bottom left corner.
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Fig. 2. Monthly mean temperatures at Siilinkari, Hirmald, and Tampere-Pirkkala weather stations (station locations shown in Fig. 1).

The Finnish Meteorological Institute measured the outside tem-
perature at the measurement time in three different locations
of Tampere region (Fig. 1). The stablest temperature among the
stations was monitored at Tampere-Pirkkala airport (Fig. 2) and
chosen for the reference outdoor temperature in this study. The
station’s average temperature was 1.5°C with a range of —26.3°C
(on 20th February 2010 at 8 AM) to 27.0°C (on 16th May 2010 at 3

PM). In the measurement period, the warmest month was July and
the coldest January.

Comparison of the measurement period and normal year
outdoor temperatures [34] at Tampere-Pirkkala as well as the mea-
surement period and normal year global solar radiation level at
Jokioinen (nearest, about 100 km from Tampere) reveals that the
only significant deviation from the long-term average is the unusu-
ally cold winter in the middle of measurement period (Fig. 3). The
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Fig. 3. Monthly average temperatures and horizontal global radiation during the field measurement period compared to a normal year.

deviations between the July and May radiation values were caused
by different measurement times: the normal yearly values covered
whole months and the measurement period values half the respec-
tive months (the measurement period was from 17th July 2009 to
17th May 2010). Thus the values are not directly comparable.

3.2. Studied buildings and balconies

Eleven blocks of flats in four different urban areas in the city of
Tampere were chosen for the study and specified from oldest to
newest by individual letter codes (Fig. 4). The oldest building was
from 1966 (Building A) and the most recent from 2006 (Building K).
Most buildings are of typical 1970s prefabricated element-based
construction. Four pre-1978 buildings did not originally include
balconies for all flats, but balconies were later added to two of them
(buildings C and D). In their external wall, window, door, and bal-
cony structures, the 1970s buildings B-F were similar at the time of
their completion. However, with the exception of building E, their
windows doors, and balcony railings in buildings B, C and D have
since been renovated.

3.3. Test site acquisition

The site was acquired in co-operation with the staff of Lumon
Oy, a balcony glazing company, and VVO-Yhtymadt Oyj, a real estate
company. Test sites for the study were selected from among the real
estate company’s rental flats, because they were near enough for
regular follow-up. Almost all the balconies in the chosen blocks of
flats were also partly glazed, allowing thus temperature measure-
ment of glazed and unglazed balconies in the same building. From
among the tenants who consented, flats suited for the study were
chosen based on the building’s age, structural solutions, and facade
orientation. Additionally, some balconies were acquired through
other networks (researcher’s own flat etc.). Five of the blocks of
flats are located in Hervanta, two in Harmadld, three in Lielahti, and
one in Hatanpaa (Fig. 1).

3.4. Representation methods of balconies

The balconies studied are described in numerical code from
coldest to warmest and specified by rectangles and circles for
unglazed and glazed balconies, respectively (Fig. 5). Numbers 1-17
are glazed and 18-22 unglazed balconies, which means, that all the
glazed balconies were warmer than the unglazed ones. Also shown
are building ages and fagade orientations, balcony glazing use char-
acteristics (openness grade of glazing), and measured period mean
temperatures. The openness grades were as follows: balcony glaz-
ing fully closed (closed), one glass pane 2.5 cm open (ventilation

position), and one glass pane fully open (one pane open). Balconies
without information on the openness grade are unglazed.

3.5. Evaluation of balcony properties

Solar energy absorption on balconies, heat transfer by con-
duction from an adjacent flat to the balcony, and unintended
ventilation from balcony to outside were estimated for each build-
ing on a scale of very low to very high (Table 1). Heat losses were
estimated by inspecting structural and architectural drawings and
solar energy absorption with the help of architectural drawings and
by visual observation of the building sites. Solar absorption consid-
ered external obstructions and balcony orientation. The air leakage
of the balcony vertical structures, designated as “tightness level” in
this paper, was estimated by measuring the air gaps on site and by
inspecting the structural drawings. Tightness was chosen instead of
leakage because “very high” would then in all instances represent
the best condition and “very low” the poorest. The leakage level of
a glazed space could perhaps be better indicated by using fan pres-
surization equipment [4], but those measurements are hampered
by intensive labor demands and difficulty to produce enough pres-
sure difference between leaky glazing structures. Hence these tests
were excluded in this study.

3.6. Field measurements

In these blocks of flats, data loggers were installed on ceilings
in 17 glazed and 5 non-glazed balconies and in the adjoining flats
for about 10 months from 17th July 2009 to 17th May 2010. Moni-
tored were air temperature and relative humidity on the balconies
and in the adjacent flats. Data were recorded at 1-h intervals with
factory-calibrated Comark Diligence EV (N2003 and N2013) data
loggers, whose accuracy (Table 2) was confirmed before measure-
ments with TUT calibration equipment. The precision of the devices
was T=+0.5°C and RH=43% RH.

Data loggers were installed at circa 2 m from the floor and at
least 4 m from the external walls. External loggers were installed on
balcony ceilings, away from sunshine, and at least 0.5 m from exter-
nal walls (the most common installation arrangement is shown in
Fig. 6). In logger installation, mechanical attachment was avoided.

Measurements of indoor, outdoor, and balcony temperatures
enabled determination of the actual temperatures and heat loss
reduction (Eq. (1)) in the building section adjacent to the bal-
cony as a whole (including balcony back wall, windows, and door)
after glazing installation. The results are reliable, if the measuring
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Fig. 6. Arrangement of monitoring in a balcony and flat.

devices are accurate enough and calibrated, and if measurements
are properly taken.
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4. Results and discussion
4.1. Balcony temperatures

4.1.1. Temperatures of unglazed balconies

In general, the surrounding buildings, trees and the balcony
vertical structures form a micro-climate inside the balconies, a
phenomenon that can be observed from the slightly higher mea-
sured temperature values in the balconies than those in the open
terrain. The phenomenon is the most obvious in the minimum tem-
peratures, but also the mean and maximum temperatures differ
somewhat from the outdoor air temperatures (Fig. 7a). On average,
the temperatures of the five unglazed balconies differed 2 °C from
the outdoor air temperature measured at the Tampere-Pirkkala air-
port and ranged from 1.8°C to 2.4°C, depending on the balcony
(Table 3).

Analysis of the monthly level (Fig. 8) shows that there is consid-
erable deviation between the warmest and the coldest unglazed
balconies and between unglazed balconies and the outdoor air.
Differences between the median and maximum temperatures on
unglazed balconies and the outside temperature stand out in
autumn and spring, but minimum temperature differences are
more consistent. The temperature difference between unglazed
balconies (balconies 22 and 18) shows deviations that are smoother
than those between unglazed balconies and the outside and mostly
follow the same trend throughout the year. The only significant
deviation between the balconies can be seen in the maximum tem-
peratures in spring and autumn.

A daily temperature review of the balconies confirms the same
trend as the monthly level study (Fig. 9). Day temperatures, divided
into a six-hour average, show clearly that unglazed balconies do
not cool as much as the outside air during a cold winter night.
Similarly, solar radiation in spring warms up balconies with the
intensity of warming depending significantly on balcony orienta-
tion and external obstructions. Balconies facing south (balcony 19)
warm up most, and those facing east (balcony 22) the least.

4.1.2. Temperatures of glazed balconies

On average, the temperatures of 17 glazed balconies differed
5.0°C from the outdoor temperature and ranged from 3.5°C to
6.6 °C, depending on the balcony. The importance of glazing (all 17
pc) for balcony indoor temperatures varied seasonally. Glazing had
the highest effect in March, when the average temperature differ-

ence of the 17 glazed balconies was 6.6 °C compared to the outdoor
air and the lowest in November with a 2.8 °C temperature differ-
ence. Calculated seasonally, the average temperature differences
between the glazed balconies and the outdoor air were 4.2°C in
autumn (Sep-Dec) and 5.8 °C in spring (Mar-May). A difference of
more than one and a half degrees between the autumn and spring
values was caused by solar radiation, since it affected tempera-
tures more in spring than in autumn. Annually, the warmest was an
extended balcony (balcony 1) glazed on two sides in a block of flats
built in 1975 (Building C), whose solar absorption was very high,
air tightness very high, and heat loss low (Table 3). In contrast, the
coldest was an extended balcony (balcony 17) glazed on one side
in a building one year older (Building B), whose heat loss was low,
solar energy absorption very high, and air tightness very low. This
shows that balcony air tightness seems to be the most critical factor
for balcony indoor temperatures.

Monthly analysis showed marked differences in the individual
behavior of glazed balconies. Balcony 1 warmed up significantly
from solar radiation and showed good ability to store solar energy
in its structures. Consequently, the results differed clearly from
the coldest glazed balcony (balcony 17). However, also the cold-
est glazed balcony performed better than unglazed balconies,
and occasionally their temperatures clearly differed from those of
unglazed ones, as can be inferred from the high maximum tem-
peratures of balcony 17 in October and March. Those monthly
deviations are interesting because balconies 17 and 18 were located
in the same building and on top of each other. Thus both balconies
received the same amount of solar radiation, yet they differed
greatly in their temperature behavior.

Characteristically, glazed balconies seemed to undergo strong
fluctuation in their temperature and the outdoor air. Typically, tem-
perature differences were greatest in spring and autumn and lowest
in mid-winter. The largest differences between the balconies and
the outdoor air were caused by solar radiation. Another factor was
airing flats through the balcony door, though only one tenant did
it systematically and for long periods during the year (Balcony
7). Overall, these temperature differences ranged from —5.8°C to
29.6 °C during the measurement period. The highest below air tem-
perature value was measured on balcony 7, a brief —5.8 °C below
the outdoor temperature due to a rapid increase in the outdoor
temperature, to which the concrete glazed balcony reacted with
a short delay. The greatest difference was measured during solar
radiation, which rapidly warmed up balcony 3 and caused a 29.6°C
temperature difference between the space and the outdoors air.
However, this phenomenon had only a slight impact on the indoor
air temperatures of the adjacent flat, because it was momentary
and abated quickly as the sun went down.
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Table 2
Measurement range, display resolution, and accuracy of the used Comark Diligence EV (N2003 and N2013) data loggers.
Measurement range Display resolution Accuracy —25°C to +50°C
Temperature —20°Cto+60°C 0.1° +0.5°
Measurement range Display resolution Accuracy —20°C to +80°C
Humidity 0-97% 0.1% RH +3 RH
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Fig. 7. (a,b) Temperatures of the coldest unglazed balcony (code 22, left) and of the warmest glazed balcony (code 1, right) in relation to the outdoor temperature measured
at the Tampere-Pirkkala weather station.
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Fig. 8. Monthly and total temperature behavior of the coldest and the warmest unglazed and glazed balconies and that at the Tampere-Pirkkala weather station.
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Fig. 9. One cold winter day (26th January), an early spring day (15th Mars), and a late spring day (16th May) and Tampere-Pirkkala outdoor weather divided into six-hour
periods.
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4.1.3. Comparison of glazed and unglazed balconies

In comparison of the balconies, glazed balconies were almost
without exception warmer than unglazed balconies (Fig. 10). On
average, their temperature difference was 3.0 °C, which was slightly
more than the average difference between glazed and unglazed bal-
conies in the same buildings. Only in July, August, and September
was the unglazed balcony 18 with very high solar absorption
(Table 1) warmer than the glazed balcony 15 with a dense forest
in front of it. In addition, in October, the unglazed balcony 19 was
warmer than the glazed balcony 16 on the east side of the adja-
cent building. However, the difference between the two was slight:
0.2°Cin July and 0.3 °C in the other months.

Comparison of glazed and unglazed balcony scatter diagram
(Fig. 7) reveals three important observations. First, the set of points
is clearly widely spread out, which shows that occasional devia-
tions relative to the ambient air are clearly higher in glazed balcony
than unglazed balcony temperatures. Second, the set of points in
the glazed balcony scatter diagram are more apparent in the black
line (denoting outdoor temperature); i.e., balcony temperatures
are clearly separate from the outdoor temperature and yet, almost
without exception, higher. Momentarily, balcony temperatures are
also below the outside temperature, but such moments are lim-
ited to a range of —13°C and 18°C. Third, the set of plots is most
clearly detached from the outdoor temperature at its lowest and
highest end of the temperature range, which indicates that glazing
has the most significant effect during cold (outside temperature
<13°C) and warm days (ambient temperature >18 °C).

4.2. Factors affecting balcony inside temperatures

4.2.1. Heat loss reduction

Results show that the glazed balcony temperatures cannot be
evaluated based on the buildings’ age, as is evident from the mean
ages of the different heat loss reduction groups (Table 4). Because
the average age of all the groups ranges from 1985 to 1987, each
group includes both new and old buildings. Furthermore, compar-
ison of the results in terms of heat transfer by conduction (ZU*A)
from the adjacent flat (column 9 in Table 4) shows that conduction
loss is not a good indication of glazed balcony performance, because
it contains only one balcony heat balance component. This can be
seen, e.g., by comparing conduction loss reductions with total heat
loss reductions. Conduction loss was the lowest in the group whose
total change in heat loss (>25%) was the highest. In contrast, the
total heat loss reduction calculated with equation 1 gives a good
picture of the actual temperature behavior of the balconies.

Heat transfer by conduction from building to balcony has a sig-
nificant impact on the temperatures of glazed balconies during the
coldest months of the year (Dec, Jan, and Feb). Because solar radia-
tion is hardly available in the Tampere region in this period, glazed
balconies are heated mostly via heat losses from the building. The
balconies with most their wall within the building’s “warm” enclo-
sure structures (e.g., integrated balconies) seem to perform better
than the protruding ones. The reason is higher heat transfer from
the adjacent flat (on three sides of the balcony) and higher overall
balcony tightness (one glazed side) than in protruding balconies
with two or three glazed sides. However, if the solution is not tight
enough, a good overall solution cannot be reached. For example,
the integrated balcony (Balcony 9) shows the highest heat losses in
January, but it is not the best balcony in this period because of poor
tightness. A better solution, for example, is balcony 2 with typical
heat loss but very high tightness.

4.2.2. Location (microclimate)

Measurements made by the Finnish Meteorological Institute
(Section 3.1) showed that small local differences occurred in the
outside temperatures during the measurement period, even though

the measuring stations sought to eliminate the effect of micro-
climatic factors. A strengthening of these effects can easily be
inferred from comparing the results on the balconies with the
Tampere-Pirkkala temperature information (Table 5).

The coldest unglazed balcony was located in Harmadla (Bal-
cony 22), the two next coldest in Hervanta (Balcony 20 and 21),
the fourth coldest in Hirmadld (Balcony 19), and the warmest in
Lielahti. Interestingly, the temperature differed by 0.5 °C between
the two unglazed balconies in Hirmald 15-20 meters apart from
each other. The warmer balcony (Balcony 19) was 2.3 °C warmer
than the outside and the colder one (balcony 22) 1.8 °C. Both bal-
conies were open on two sides but oriented differently, which may
explain the difference. The colder balcony was at a windy spot
facing east and the warmer one in a sheltered area facing south.
In addition, their solar absorption levels differed greatly. Balcony
22 showed typical solar energy absorption and balcony 19 a high
level. Interestingly, the temperature difference between the two
balconies was greater than that between the coldest (Hervanta) and
the warmest (Lielahti) area (0.4 °C) (Table 5). It seems that the tem-
perature differences between these unglazed balconies stemmed
mostly from their different capabilities to absorb and store out-
side heat and from air circulation around them (cooling effect of
wind). In some locations, more attention seems to have been paid
to microclimate design, which resulted in a slight difference in
unglazed balcony temperatures, though geographically the areas
are less than 20 km apart with little effect on results in that respect.

4.2.3. Solar absorption (orientation and external obstacles)

On average, the impact on balcony temperatures of the differ-
ence between the best (very high) and the weakest (very low)
solar absorption level was about 1.0 °C (Table 6). All the balconies
with high or very high solar absorption warmed up strongly or
very strongly in spring with the sun shining on them. The solar
absorption levels of the three warmest balconies were also very
high (Table 3). The warmest glazed balcony (Balcony 1) was in a
block of flats in Hervanta with its indoor temperatures 6.6 °C higher
than the outside because of very high solar absorption and struc-
tural tightness (Table 1). The second best balcony (Balcony 2) was
also in Hervanta and the third best (Balcony 3) in Hirmadla. Their
temperature differences were 6.5 °C and 6.3 °C, respectively, above
the outside air. However, balconies 11 and 7 deviated from the
general pattern. Balcony 11 with three glazed sides received solar
radiation clearly more than its classification indicates (typical solar
absorption) (Fig. 11). In contrast, the warming effect on balcony 7
was unlikely due to solar radiation but to extended flat ventilation
through the open balcony door (Fig. 12).

In addition to external obstruction, the balconies’ orientation
seemed to affect their ability to capture solar radiation. However,
the orientation effect could not be analyzed in detail because the
sample size was not sufficient for all orientations. In addition, the
reliability of the analysis would have undermined external obstruc-
tion, which is also affected by the availability of solar energy.
However, based on the research, southward orientation seems rec-
ommended. Furthermore, a deviation of +45° from the South seems
not toresultin significantly reduced solar radiation. Of the five most
energy-saving, glazed balconies, two were south-east oriented and
the remaining three west, south-west, and south oriented (Table 3).
Because there was almost no shading in front of those balconies,
they received solar radiation also in winter. As mentioned above,
the west-facing balcony had two open sides with one on the south
side; consequently, it received more solar radiation than the south-
facing balconies with one open side.

As a whole, solar absorption seems a more critical factor than
heat loss from building to balcony or the building’s location. The
three annually warmest balconies (Balcony 1,2 and 3) were far from
the warmest in November and December, but without exception
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Fig. 10. Overall behavior of outdoor air temperatures in unglazed and glazed balconies during the measurement period.

Table 4
Balcony mean air temperatures and the temperature difference between balconies and outdoor air in terms of balcony conduction loss reduction.
Balcony Construction  Mean Maximum Minimum Temperature  Adjacent flat ~ Heat loss Heat transfer ~ Number of
number year temperature temperature temperature difference to temperature reduction [%], by conduction measured
[°C] [°C] [°C] outside air* [°C] calculated (Y U*A)from balconies
[°C] according to  adjacent flat to
equation 1. balcony [W/K]
Outdoor air (Tampere-Pirkkala airport weather station)
1.5 27.0 -26.3
Heat loss reduction <15% (Unglazed balconies)
20 1986 3.6+0.3 29.6+1.1 -22.0+£04 2.1+03 23.8+0.8 92414 9.54+2.0 5
Heat loss reduction 15-20% (glazed balconies)
16 1985 52+0.1 31.7+038 -182+1.7 3.7+0.1 23.3+0.6 16.8+0.2 83+1.0 3
Heat loss reduction 20-25% (glazed balconies)
10 1985 6.34+0.2 341427 -165+1.1 48+0.2 23.5+09 219+15 9.6+3.2 8
Heat loss reduction >25% (glazed balconies)
4 1987 7.5+0.6 346+3.2 —-155+1.3 6.0+0.6 229+0.8 27.8+23 82+15 6
Table 5

Balcony mean air temperatures and the temperature difference between the balconies and outdoor air in terms of building locations in Tampere suburban areas.

Balcony Construction Mean Maximum Minimum Temperature Adjacent flat Heat loss Heat transfer Number of
number year temperature temperature temperature difference to temperature reduction [%], by conduction measured
[°C] [°C] [°C] outside air*  [°C] calculated () U*A) from balconies
[°C] according to  adjacent flat to
equation 1. balcony [W/K]
Outdoor air (Tampere—Pirkkala airport weather station)
1.5 27.0 —26.3
Hervanta
Unglazed 21 1976 34+0.0 30.2+09 -22.0+04 19+00 23.3+0.1 8.7+0.0 11.1+£23 2
Glazed 7 1977 6.8+0.9 333+29 -157+12 53+09 23.0+0.8 244+42 9.1+1.8 9
Harmalad
Unglazed 21 2002 35+04 28.7+1.0 —2224+07 20+04 24.5+0.8 88+1.9 7.8+0.0 2
Glazed 13 2002 59+0.6 35.0+24 -17.8+0.5 43+0.6 24.2+0.7 19.0+2.1 7.8+0.0 3
Lielahti
Unglazed 18 1974 3.9 304 -21.7 24 234 11.0 9.5 1
Glazed 11 1988 64+1.2 342+36 -17.0+£21 49+1.2 23.2+05 22.5+53 9.5+4.5 4
Hatanpdd
Glazed 5 2000 7.0 334 -16.1 55 235 25.1 8.0 1

they were the warmest in spring and autumn. Solar radiation seems
to start affecting monthly temperatures as early as in January. In
February, the second coldest month of the year, heat losses from
buildings to balconies affect the results greatly, but low heat loss
can be compensated for by the spring sun, whose effect is also
significant.

4.2.4. Amount of glazing

Increasing the amount of glazing by replacing a 180-mm thick
balcony side wall element (U=3.5W/m2K) with balcony glazing
(U=5.7W/m2K) increased slightly conduction heat losses from bal-
cony to outside air. Increased glazing affected also the air tightness
of the balcony, because a part of a tight wall structure was replaced
with a leaky glazing structure, which increased unintended venti-
lation on the glazed balcony. On the other hand, increased glazing
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Table 6
Balcony mean air temperatures and the temperature difference between the balconies and outdoor air in terms of the number of external obstacles.
Balcony Construction ~ Mean Maximum Minimum Temperature  Adjacent flat Heat loss Heat transfer ~ Number of
number year temperature temperature temperature difference to temperature reduction [%], by conduction measured
[°C] [°C] [°C] outside air* [°C] calculated (ZU*A) from balconies
[°C] according to adjacent flat to
equation 1. balcony [W/K]
Outdoor air (Tampere—Pirkkala airport weather station)
1.5 27.0 -26.3
Unglazed balconies
20 1986 3.6+0.3 29.6+1.1 -22.0+04 2.0+0.3 23.8+0.8 92+14 9.5+2.0 5
Very low solar absorption level of balconies
11 1979 59+0.9 30.3+0.9 -16.2+0.5 44+09 226+1.5 212459 7.7+0.0 2
Low solar absorption level of balconies
10 1976 6.3 29.1 -154 4.8 21.7 23.6 12.7 1
Typical solar absorption level of balconies
12 1990 6.0+0.7 342+1.6 16.7+£1.7 4.5+0.7 23.8+1.0 20.0+34 10.5+4.7 3
High solar absorption level of balconies
8 1982 6.7+0.4 35.6+1.4 -164+1.6 5.1+0.5 23.5+0.6 234+28 9.1+09 4
Very high solar absorption level of balconies
8 1989 69+1.2 344428 -16.5+1.9 54+1.2 23.3+04 246+5.3 79+1.5 7
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Fig. 11. One early spring day (15th March) and outdoor weather at Tampere-Pirkkala divided into six-hour periods.
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Fig. 12. Temperatures of balcony 15 and 7 and of adjacent apartments from 10 to 17 October 2009. The figure shows how the resident of flat 7 ventilated the flat by keeping

the balcony door open, especially at night.

increased the balcony’s solar absorption, thus compensating for
conduction heat losses and increasing unintended ventilation. The
effect of these factors is discussed in this section.

Table 7 shows that balconies with two or more open side capture
a lot of solar radiation (from two or three directions), though they
are also untighter than the balconies with one open side (untigh-
ness is directly proportional to the amount of glazing). In general,
this means that temperature fluctuations become greater with an
increased amount of glazing. On average, the solar energy absorp-
tion of balconies with one glazed side was typical, those with two

glazed sides very high, and those with three glazed sides high
(Table 3). Similarly, the air tightness of the balconies was high, high,
and low, respectively. The optimal solution for the indoor air tem-
perature mean seems to be balconies glazed on two sides because
of their high solar absorption and tightness (Table 7). In contrast,
the coldest temperatures were recorded for balconies with three
glazed sides, low tightness, and high solar energy absorption, which
means that increased unintended ventilation lowered the results
more than increased solar energy absorption could compensate for.
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Table 7
Balcony mean air temperatures and the temperature difference between the balconies and outdoor air in terms of the number of balcony glazed sides.
Balcony Construction Mean Maximum Minimum Temperature  Adjacent flat Heat loss Heat transfer ~ Number of
number year temperature temperature temperature difference to temperature reduction [%], by conduction measured
[cC] [°C] [eC] outside air* [°C] calculated (ZU*A) from balconies
[°C] according to adjacent flat to
equation 1. balcony [W/K]
Outdoor air (Tampere—Pirkkala airport weather station)
1.5 27.0 -26.3
Unglazed balconies
20 1986 3.6+03 29.6+1.1 -22.0+04 2.0+03 23.8+0.8 92+14 95+2.0 5
Glazed balconies, one glazed side
9 1976 6.4+0.9 32.8+27 -159+1.8 49+09 22.8+0.8 23.1+43 10.0+£2.7 9
Glazed balconies, two glazed side
8 1994 6.8+1.1 345+28 —-16.8+0.8 53+1.1 23.6+03 24.0+5.1 76+1.2 6
Glazed balconies, three glazed side
12 2002 6.24+0.1 36.3+1.0 -17.7+0.6 4.7+0.1 24.6+0.5 20.3+0.2 7.8+0.0 2

On average, the temperature difference between the balconies with
two and three open sides was 0.6 °C.

4.2.5. Tightness of balcony vertical structures

The average temperature difference between the balconies with
very high tightness and those with very low tightness is 2.1°C
(Table 8), i.e., clearly more than in any other review in Section 4.2.
Furthermore, the difference between balconies with very high and
low tightness was significant (1.0 °C). This clearly shows the impor-
tance of tightness for the final result. Table 8 also reveals that the
maximum temperature of the balconies with very high tightness
is lower than that of balconies with typical or high tightness. At
the same time, heat transfer by conduction from flat to balconies is
the lowest for balconies with very high tightness (7.9 W/K), but the
change in their total heat losses (26.1%) is the highest. These find-
ings indicate that tightness is the most important factor in terms
of balcony indoor temperatures. The effect of tightness bears also
on balcony minimum temperatures, which have increased with
improved tightness. The balconies with high tightness show an
average minimum temperature of —15.2°C and those with very
high tightness an average minimum temperature of —15.8 °C. This
result have seen even if the balconies with high tightness receive
more heat from the adjacent apartment (heat transfer through
enclosed structures) during the winter season than those with very
high tightness.

The importance of tight structures is also confirmed in Table 3.
The air leakage of glazed balcony 17 (the coldest) was the highest
in the group, and the five coldest balconies included three leakiest
glazed balconies. However, the air tightness of two of those bal-
conies was very high (Balcony 14 and 13), but for some reason the
tenant had left the glazing open for the entire measurement period,
thus contributing to a low total tightness. The effect of increased air
circulation to the balcony temperatures was particularly evident in
buildings Cand D. For example, in building C, the glazing on balcony
1 was kept closed whereas that on balcony 14 was partly open for
the whole measurement period, resulting in a 2.0 °C temperature
difference (6.6 °C and 4.6 °C, respectively) between the balconies,
though they were almost adjacent to each other. Similarly, in build-
ing K, the average temperatures were 6.3 °C with the balcony closed
and 4.6 °C with the balcony partly open (one pane open). Resident
activity was also instrumental in another context. For example, bal-
cony 7 warmed effectively when its door was left open for long
periods during the measurement period (Fig. 12), yielding a signif-
icant difference in the average temperature of the balconies in the
same building (1.3 °C between balconies 7 and 15).

4.3. Possible uncertainties

The measurement data used, like large field data in general,
included several possible sources of error, which may have affected
the results and led to misinterpretations of the results. Such sources
of error comprise the following:

e Different placements of the measurement devices (The devices
were not all identically positioned, because the new mechanical
attachment was avoided).
Wrong information about buildings, balconies, and balcony glaz-
ing structural properties (buildings are not necessarily built
according to blueprints).
¢ A lack of knowledge of tenant activities in flats and balconies
(most important).
Inaccuracy of the building’s external shading and balcony tight-
ness (evaluated by measuring air gaps on site, inspecting
structural drawings, and visually observing on-site).
Uncertainty caused by the cooling effect of air entering a flat
through a glazed balcony (if the inlet was inside a glazed bal-
cony). The effect of an air inlet on temperature drop is typically
in the range of 1-3°C, depending on the volume of the balcony
in relation to that of the flat [9].
e Temperature stratification on the balcony and its variation
depending on the case.

It is impossible to assess afterwards the impact of the above
errors. The only option then is to make the sample size as large as
possible to minimize the effect of various errors. In some cases,
though the sample size was not sufficient enough to generalize
about the results, it yet produced valuable, practical information
about glazed balcony temperature behavior and provided valuable
comparison material for computational analysis.

5. Conclusion

Measurements showed that the temperature of both glazed
and unglazed balconies is above the outdoor temperature almost
throughout the year. On average, the temperature of the unglazed
balcony was 2.0°C and that of the glazed balcony 5.0°C higher
than outdoors. The differences in temperature between the bal-
conies and the outdoor air varied depending on the time of day
and the season. As outdoor temperatures decreased, the differ-
ence in temperature between the glazed balcony and the outdoor
air increased, and vice versa. The greatest temperature difference
between the glazed balcony and the outside air was measured dur-
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Table 8
Balcony mean air temperatures and the temperature difference between the balconies and the outdoor in terms of structural air tightness.
Balcony Construction Mean Maximum Minimum Temperature  Adjacent flat Heat loss Heat transfer ~ Number of
number year temperature temperature temperature difference to temperature reduction [%], by conduction measured
[°C] [°C] [°C] outside air* [°C] calculated (ZU*A) from balconies
[°C] according to adjacent flat to
equation 1. balcony [W/K]
Outdoor air (Tampere—Pirkkala airport weather station)
1.5 27.0 -26.3
Unglazed balconies
20 1986 3.6+03 29.6+1.1 -22.0+04 2.0+03 23.8+0.8 92+14 9.5+2.0 5
Very low overall tightness of the balcony vertical structures
17 1974 5.1 31.7 -19.9 3.5 22.6 16.8 9.5 1
Low overall tightness of the balcony vertical structures
12 1992 6.2+0.1 33.3+3.2 —-16.7+1.0 4.7+0.1 23.6+1.2 21.1+14 84+25 5
Typical overall tightness of the balcony vertical structures
11 1981 6.1+0.8 344+1.9 -16.8+1.7 46+0.8 234403 209+3.8 11.1+4.3 3
High overall tightness of the balcony vertical structures
5 1975 7.0+0.4 346+14 -15.2+0.8 54+04 23.2+0.6 25.1+2.8 9.5+0.0 2
Very high overall tightness of the balcony vertical structures
6 1987 7.2+1.1 34.1+36 -15.8+1.3 56+1.1 23.1+0.8 26.1+£5.0 7.9+13 6

ing solar radiation, which warmed up the glazed space very rapidly
and caused the greatest temperature difference between the space
and the outdoor air (29.6°C). The three key factors affecting the
indoor temperatures of the glazed balconies seemed to be struc-
tural air tightness, absorption of solar radiation, and heat losses
from building to balcony, in that order. Air tightness was the most
crucial factor since it affected the results all year round. Solar radia-
tion was significant only in spring, summer, and autumn because of
Finlandis high latitudinal location. Heat loss from building to bal-
cony, in turn, was relevant in mid-winter when the difference in
temperature between the building and the outdoors could be as
high as 60°C. In mid-winter, glazing a balcony as opposed to an
unglazed balcony brings the benefit of being able to store the heat
loss from the building inside the balcony.
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Previous studies have shown that temperatures inside glazed balconies are almost without exception
higher than those of outside air. This is due to the space’s ability to capture and store the building’s heat
losses and solar radiation. The interior temperatures and energy saving effects of glazed balconies are,
however, not particularly good in Finland, because the implemented solutions are not optimized for these
issues. The purpose of this study is to introduce simplified evaluation methods for the energy saving and
interior air temperature evaluation of glazed spaces and to verify the method reliably with the help of
measured and simulated values of typical Finnish 1970s apartment blocks. The presented method can be
used for optimizing and showing the energy saving impact as well as the mean, maximum and minimum
temperatures of different type of glazed spaces in the preliminary design stage. The results show that the
accuracy of the method is sufficient for designing if nine parameters are changed at most. The accuracy
is affected by the number of changes made in relation to the typical 1970s apartment blocks in Finland,
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which was chosen as a starting point for the method’s development.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In the end of 2012, the Finnish housing stock consisted of
57,849 blocks of flats, 77,931 row houses and 1,122,315 detached
houses. In total, there were 1,258,095 residential buildings, which
accounted for 85.3% of the Finnish building stock. [1]. The blocks
of flats alone contain 1.29 million dwellings, that is, 44% of all
homes [2]. About 0.8 million (63%) of the flats have a balcony
[3]. According to information received from Finnish balcony glaz-
ing manufactures, more than 500,000 of those are glazed (Fig. 1),
which corresponds to approximately 70% of Finland’s apartmen-
tal balconies [4,5]. The balcony glazing systems used in Finland are
almost solely openable frameless systems (Fig. 1) with 5-6 trans-
parent 6 mm float glass panes (Fig. 2). There are 2-3 mm air gaps
between the glass panes, guaranteeing a sufficient level of ventila-
tion in the balcony and yet providing protection against wind, rain
and snow.

* Corresponding author.
E-mail addresses: kimmo.hilliaho@tut.fi, khilliaho@gmail.com (K. Hilliaho),
ville.kovalainen@ains.fi (V. Kovalainen), satu.huuhka@tut.fi (S. Huuhka),
jukka.lahdensivu@tut.fi (J. Lahdensivu).

http://dx.doi.org/10.1016/j.enbuild.2016.04.063
0378-7788/© 2016 Elsevier B.V. All rights reserved.

The thermal behavior of glazed spaces has been studied exten-
sively with the help of measurements [6-15] and computations
[4,9,16-20]. The studies have shown that the temperatures inside
the enclosed spaces are higher [7-10,19,21-24] and the relative
humidities are lower [8,10,16] than outside throughout the year.
However, the results have rarely had any effect in practical design
work, at least in Finland. This has been due to (a) the general
belief that glass-enclosed spaces do not have energy economic
importance in the Nordic climate; (b) the lack of easily accessi-
ble information about key factors affecting the energy savings and
indoor climate of glazed spaces; and (c) the complexity and labor
intensity of the current dynamic calculation programs.

The purpose of this study was to develop a table method that
would be usable in practical design work for the evaluation of
the energy saving potential and interior temperatures of glazed
spaces, and to analyze the accuracy of the method with the help
of a corresponding energy simulation study and results from field
measurements. As a result of the study, a simplified method for the
evaluation of the energy saving potential and interior temperatures
of glazed balconies is launched, and its reliability demonstrated
with the help of Finnish 1970s large-panel apartment blocks. The
results provide a good basis for initiating the use of the method as
well as developing the calculation principles further.


dx.doi.org/10.1016/j.enbuild.2016.04.063
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.04.063&domain=pdf
mailto:kimmo.hilliaho@tut.fi
mailto:khilliaho@gmail.com
mailto:ville.kovalainen@ains.fi
mailto:satu.huuhka@tut.fi
mailto:jukka.lahdensivu@tut.fi
dx.doi.org/10.1016/j.enbuild.2016.04.063

28 K. Hilliaho et al. / Energy and Buildings 125 (2016) 27-44

40000

35000

Sliding framed glazing system

M Openable frameless glazing system

3
‘c
8
< 30000
Q
3 25000
k|
® 20000
o
§ 15000
t
3 10000
5000
0
< N O™ WO O d N < 0
W 00 00 00 00 6 O OO O O O O
Lo e I ) R e e I o ) I o) B <) I B o) i ) |
R B B B B B B B I I |

Fig. 2. Balconies with openable balcony glazing in a 1970s apartment building.

Fig. 3. Panel structures of a typical Finnish block of flats. Adapted from [25].

2. Background
2.1. Finnish building stock

Most Finnish blocks of flats and balconies have been built after
the 1960s with precast concrete panel systems. The majority of
them were built with an open-source panel system called BES,
developed in the late 1960s and shared by all producers. The prior
factory-specific panel systems were highly similar to BES in terms
of layout design and overall appearance but slightly different with
regard to the floor slab type and structural detailing. In all, the struc-
tures, panels and plans of blocks of flats built in Finland from the
1960s on are highly standardized [25-28].

The majority of the buildings are slab blocks [26], which typi-
cally have 3-4 stories [29] and 2-3 staircases (Fig. 3). The residential
floors are usually located above the ground floor and are usually

identical with each other. The buildings contain ten different basic
flat types that range from studio flats to four-room homes [26]. The
most common apartment type is the two-room flat that extends
from one side of the building to the other [26,29]. The smallest flats
(studios and small two-room flats) are located on only one side of
the building [26,28]. The buildings have mechanical exhaust ven-
tilation systems that produce suction. Exhaust vents are located in
kitchens, bathrooms and (possible) walk-in closets. The replace-
ment air is taken in through trickle vents that are typically placed
in bedrooms and living rooms. This implies that the replacement
air often enters the flat through the balcony. The buildings usually
heat with district heating and the heat is distributed with the help
of hot-water radiators located below windows.

In slab blocks, balconies are usually located only on one of the
building’s longitudinal facades (Fig. 3) [25,28]. Balconies can be
either protruding or recessed, and they can be self-supporting (with
sidewalls or columns), cantilevered or suspended from the load-
bearing frame of the building. [25,30]. Since 1960, by far the most
common balcony type has been the protruding self-supporting
balcony with load-bearing sidewalls [25,31]. The parapets are typ-
ically also made of concrete (Fig. 2). Prior to 1968, the regulation
banned balconies from studios of publicly subsidized buildings [30].
Between 1968 and 1976, one balcony per flat was allowed regard-
less of the size of the flat [25,30]. From 1977 on, one balcony per flat
became a requirement in public housing [30]. Since balcony glaz-
ing was fairly rare before the 1990s (Fig. 1), it is always a retrofit
solution in older buildings and usually part of a balcony renova-
tion strategy. If the glazing resembles an external wall structurally
(e.g. has poor ventilation and fair heat insulation), the balcony will
be included in the building’s gross floor area and its ventilation
is to be arranged separately, increasing the cost of glazing signif-
icantly. Therefore, Finnish glazing systems have nowadays almost
exclusively single glazing, air gaps and openable panes.

2.2. Previous studies

2.2.1. Field measurements

In a prior study [6,32], field measurements were performed in
11 apartment blocks of different ages in the city of Tampere. Five
of them were typical BES blocks from the 1970s, built between
1974 and 1979 (Fig. 4). The four buildings built before 1978 did
not originally have balconies in the smallest flats, but they have
been retrofitted in two of them (Buildings 2 and 3 in Fig. 4). When
it comes to the structures of external walls, windows, doors and
balconies, the buildings were highly similar at the time of their
completion. However, as a result of renovations, the windows,
doors and balcony railings have been replaced in most cases (Build-
ing 4 excluded).
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defined in Ref. [26].
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Fig. 6. The five studied apartment buildings. Flat type codes, indicating the size and shape of the flat, are given in Fig. 5. Measured flats and balconies are specified with

individual number and letter codes [6].

The monitored apartments are representative flat types in this
age cohort [26] and they included one studio; two small two-room
flats; eight large two-room flats; and one three-room flat (Fig. 5). In
total, 12 balconies and adjacent flats were monitored for 10 months
(8/2009-5/2010). Data loggers were installed in the apartment and
onto balcony ceilings, on locations not exposed to sunshine. Moni-
tored balconies are sorted by the number of the building (1-5) and
a letter given for the apartment (A-D). They are shown in Fig. 6,
where unglazed balconies are marked with rectangles and glazed
balconies are circled. The yearly mean temperatures of measured
balconies increase in an alphabetical order (A being the coldest).
The figure includes also building years, facade orientations, mea-
sured mean temperatures and use habits of glazing.

The field measurements suggested that the balconies were
almost without exceptions warmer than the outside air. On aver-
age, the temperature differences between the outside and the
balcony were 3.5-6.6 °C for glazed and 1.9-2.4 °C for unglazed bal-
conies. The temperature difference varied greatly, depending on
the time of the day and the season. Significant temperature differ-
ences were also detected between balconies of the same building,
although their structural solutions were mostly very similar. This
was due to the differences in the amount of inlet air through
the balcony; the tightness of the retrofitted glazing structures;
the existence of external shading; location; glazing’s surface area;
building’s heat losses; and residents’ use habits (ventilation though
balcony glazing and/or balcony door). The three key factors affect-



30

Table 1

K. Hilliaho et al. / Energy and Buildings 125 (2016) 27-44

Input data used in simulation for the base case [4], Building 3 and Building 5.

Table 2
Results from the simulation of the base case.

Location (climate

Base case: Helsinki (60° 10" 15”

condition) N, 24° 56’ 15" E);

Buildings 3 & 5: Tampere (61°

29' 53" N, 23° 45 39" E)
Orientation Base case: south;

Buildings 3 & 5: south-west
Wind profile Suburban

Balcony fagade distance from
the building in front

Flat size (room number)
Room temperature

Standard of equipment and
number of occupants
Window U-value (A=3.3 m?)

Door U-value (A=1.9 m?)

Exterior wall U-values
(A=5.2m?)

Balcony type (depth) and
balcony width

Number of glazed sides
(parapet type)

Type and thickness of balcony
glazing

Balcony's relation to exterior
wall

Vertical & horizontal position
of the balcony

Building ventilation type (air
change rate)

Supply air intake solution

Unintended ventilation of
glazed space

Openness of the balcony
glazing

Building air leakage coefficient

Designed heating capacity of
hot water radiators

Heating system control curve
position

Heating system summer
shut-off

Building’s heat delivery system

Heat losses from the heat
delivery system

Specific heat capacity of
balcony structures

Lambda value of balcony
structures

Density of balcony structures

Surface absorptivity (balcony
and exterior wall)

Surface emissivity (balcony
and exterior wall)

Blinds in balcony glazing or
window

Base case: No building in front;

Building 3: Building ~50 m in front

of B3 (high solar absorption);

Building 5: Dense forest in front of

B5 (very low solar absorption)
Two rooms

Base case: 21°C

Building 3, flat D: 22.7°C
Building 5, flat A: 23.6°C
According to Finnish building
regulation

Base case: U=2.8 W/m?K, g=0.75;

Building 3: U=1.4W/m? K, g=0.55;

Building 5: U=1.2W/m2 K, g=0.55
Base case: U=3.0 W/m?K, g=0.75;
Buildings 3 & 5: U=1.2 W/m? K,
g=0.55

Base case: U=0.4 W/m?K;
Building 3: U=0.4 W/m? K;
Building 5: U=0.29 W/m? K
Protruding balcony measuring
1.5m x 4.0m

One side glazed (concrete parapet)

Single clear glass (U=5.8 W/m?K,
g=0.82), thickness 6 mm

Base case: Balcony covers the flat's

exterior wall completely;
Buildings 3 & 5: Balcony covers

one-third of the flat‘s exterior walls

The middlemost balcony in the
building

Mechanical exhaust ventilation
(0.5 ACH)

Base case: Directly from the
outside (one wall vent);

Buildings 3 & 5: Two window vents

(one inside the glazed balcony)

Very high tightness as compared to

typical solution in Finland
Completely closed

1 ACH

Heating capacity 140% of the
building heat losses in Sodankyla
Initial settings

Summer shut-off in June, July and

August

Hot water radiator heating system

(70/40 system)
No heat loss to the flat

880]J/(kg x K)
2.5W/(m x K)

2300 kg/m?

Base case: 0.95;
Buildings 3 & 5A: 0.3
0.95

No blinds

Energy savings in base case

Percentual (Egypase) 14.5 %
Kilowatt-hourly (Exwhpase) 545 kWh
Balcony temperatures in base case

Maximum (Tmax base ) 41.3 °C
Minimum (Tpin pase) -11.1 °C
Average (Taygbase) 134 °C

ing the interior temperature were (in the order of significance): the
air leakage level of the balcony’s vertical structures, the balcony’s
ability to capture solar radiation and the heat gain from an adjacent
flat. The air tightness affected the measurements regardless of time,
season, and position of balcony. In the temperature-wise worst sit-
uation, high outflow resulted in poor performance even if the solar
absorption level and heat gain from the adjacent apartment were
high. The significance of solar radiation level was especially evident
from spring to autumn due to Finland’s high latitude. Balconies
were typically oriented to the southern sector between east and
west and they absorbed solar radiation quite well (7/11 buildings
of the study). Absorptivity could be improved by using dark sur-
face colors, but the balconies of the studied buildings were painted
light. The heat gain from the adjacent apartment had the smallest
effect because the balconies were mostly protruding (16/17 glazed
balconies), the thermal insulation level was rather good and the air
tightness was quite poor.

2.2.2. Computer simulations

The simplified calculation method introduced in the current
study has been developed with the help of simulation results pro-
duced in two previous studies [4,32]. The aim of the first study was
to analyze the suitability of IDA Indoor Climate and Energy (IDA-
ICE) 4.6.1 simulation software for the energy simulation of glazed
spaces in theory and practice [32]. The purpose of the second study
was to run a large-scale sensitivity analysis focusing on the impact
of different types of glazed balconies on the energy consumption of
buildings in northern climatic conditions [4]. The starting point for
the second study was a glazed balcony in a typical Finnish block of
flats from the 1970s, the impact of which on the energy consump-
tion of the building was analyzed based on 156 different calculation
cases. The purpose of the sensitivity analysis was to create a base
model representing a typical situation in the Finnish building stock.
The Flat 2B in Fig. 5 was selected to the study. Its structures are
assumed to be typical to the construction decade. The use is con-
sidered to follow the standard given in the National Building Code,
which corresponds to the typical use of a flat of this size and quality
in Finland [33]. This flat represents a basic type that is, according
to a recent study, the most common flat type amongst all Finnish
flats from the 1960-80s with a share of 18.6% [29]. The use of this
type is also justified by the fact that eight apartments of this kind
were included in the field monitoring study. Three of their balconies
were unglazed and five were glazed.

The results showed that the energy saving impact of a glazed
space varies a lot between cases and depend, not only on the prop-
erties of the glazed space, but also on the building and its properties.
The key variables in the energy engineering of a glazed space proved
to be the integration of the space in the building’s ventilation sys-
tem; heat losses from the building to the glazed space and from the
glazed space to outside air (balcony type and U-values of struc-
tures); air tightness of the balcony; and absorption coefficients
of surfaces. The key properties of the building with regard to the
energy saving potential of the glazed space were the total heating
capacity of the hot water radiators and the adjustment of the heat-
ing system; the type of the ventilation system; the level of indoor
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Mechanical exhaust ventilation,

Heat transmission
through this

section ignored in
the basic model

Heat transmission
from/to rest of flat
ignored

Sandwich panel, U=0.4W/m*, A=52 m?
Double-glazed window, U=28 W/m*, A=3.3 m?
Balcony door, U=30 W/m*, A=19 n?

Flat, A=64 m* (V=166m»
Balcony, A=6 m? (V=16 m®

0.5 ACH, exhaust vents are in
wc, kitchen and walk in closet

Openable balcony glazing
WU=58 W/mX, g=0.82,
A=6.3 mM, made of 6 mm
toughened clear glass.
Untight structure (2mm
gap between panes)

Supply air

Protruding concrete
balcony with concrete
side walls (U=3.5W/m%0,
slabs (U=32W/m%) and
parapet WU=4.2W/m*¥>

Glazing-to-floor
area ratio=1.0S

Window and
door-to-floor area
ratio=0.87

NORTH

Fig. 7. An illustration of the simulated apartment [4].

temperature in the flat; and the flat’s share of the building’s energy
consumption, which depends on the size of the flat and its loca-
tion in the building. The findings also showed that the studied base
case proved to be a very potential target for glazing installation due
to the relatively tight balcony as a whole after glazing installation
(1.5-2.6 ACH) and weak thermal insulation of the building enve-
lope. This is especially true if balconies are towards south and their
surfaces are painted dark, even though the buildings’ supply air
would not be drawn through the glazed space but outside it, as is
the practice in the 1970s buildings. The study also showed that sin-
gle glazing with air gaps and openable panes are a good option for
balconies, especially in Finland, since the construction regulation
requires untight solutions. To improve the usability of the research
results in real building design, it is necessary to develop a simplified
method for the assessment of the energy saving effect and interior
temperatures of glazed spaces.

2.3. Methods for evaluating the energy saving potential and
balcony temperature

By measuring the temperatures indoors, outdoors and in the bal-
cony, itis possible also to figure out information on the temperature
behavior of the balcony and the flat as well as on the heat loss reduc-
tion level (Eq. (1)) in the building section adjacent to the balcony as
a whole (include balcony back wall, windows and door) after glaz-
ing installation. The results are reliable if the measuring devices
are accurate enough, calibrated and the measurements conducted
properly but, at a same time, very laborious and time consuming.
A weakness of the method is the fact that it is only suitable for
studying existing buildings.

Triat — TeaLcony 1)

Heatlossreduction = 1 —
Trat — Toutpoor

An alternative way to assess the temperature behavior of a
balcony is to use calculation models. Standard ISO 13789 [34] intro-
duces a general method for calculating the thermal performance of
buildings, where transmission and ventilation heat coefficients and
also solar radiation are accounted for. With a loss of accuracy, the
method is quite simple to use without expensive simulation pro-
grams and it presents the most crucial factors affecting the heat

performance. The influence of solar radiation is quite evident for
spaces with significant glazing surfaces, which also increases the
uncertainty since the effect of solar energy is quite difficult to cal-
culate manually. The simplifications of manual calculation usually
disregard time variance and use static systems, which can have a
major impact on the final outcome.

Another option for analyzing the interior temperatures and
energy saving effects of glazed spaces is to use generally accessi-
ble steady-state or dynamic calculation tools, some of which have
been analyzed by Wall with highly glazed spaces [18]. Also Poirazi’s
literature review [35] and dissertation [36] include useful informa-
tion about the problematics of calculation when an extra layer of
glazing has been added in front of a facade. The accuracy of the cal-
culation software introduced in the aforementioned publications
varies considerably according to level of detailing and purpose of
the software. The rougher methods are based on manual calculus
while the more precise ones are based on simulation. In addition,
the coverage of calculation ranges from the level of components
(e.g. Window Information System (WIS) software tool for complex
windows and active facade calculation [37]) to that of the whole
building. The most flexible methods can handle all of them [35,36].

The problem of simplified simulation methods has been that
they usually overestimate the performance of glazed spaces as a
means to achieve energy savings (balcony temperatures are higher
thaninreal situations) [18]. This is due to the difference in the ways
the programs handle solar radiation in comparison to more detailed
simulations. To achieve more realistic results, a detailed analysis is
needed, but this kind of applications are usually labor intensive
and require expertise from the user (mastery of calculation princi-
ples and understanding of possibilities and limitations). These facts
hinder the use of this type of simulation software, which is why
more simplified computing applications should be developed fur-
ther [18]. The aim of the current study is to develop a simplified
method for analyzing the performance of different types of glazed
spaces. The method enables analyses on energy savings and balcony
temperatures as well as a quick and easy comparison of solutions
in early design stages. The method is developed with the help of
detailed calculations, but the final application may be used without
in-depth knowledge on the used IDA-ICE software.
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Fig. 8. Graphs a-1 for energy saving calculations.
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b) Supply air intake solution
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Fig. 9. Graphs a-1 for balcony temperature calculations.
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Table 3
The monthly average, maximum and minimum temperatures in different cities.
Month Frankfurt (ASHRAE Bremen (ASHRAE Helsinki (ASHRAE Jyvdskyld (ASHRAE Sodankyld (ASHRAE Tampere (ASHRAE
IWEC2) [°C] IWEC2) [°C] IWEC2) [°C] IWEC2) [°C] IWEC2) [°C] IWEC2) [°C]
Avg 10.2 9.2 6.0 3.8 -0.3 4.6
Absol. max 33.6 29.1 29.0 27.5 27.6 27.0
Absol. min -10.9 -11.8 -22.7 -31.2 -38.8 -29.0
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Fig. 11. Possible deviations from the flat of the base case.

3. Research materials and methods
3.1. Simplified calculation method: calculation principles

The calculation principles of the proposed method are specified
in the following sections. These include the calculation of energy
savings and inside temperatures of glazed balconies in northern
climate conditions, which are heating-oriented. In principle, the
method is intended for calculating the performance of individual
glazed balconies in the preliminary design stage. It can be used for
all types of glazed balconies and in all situations in which the cal-

culation factors are present and identifiable. The selected variables
and their tolerance of variation enable calculating the energy sav-
ing potential and indoor temperature reliably in all situations. The
accuracy of the results is affected by the number of changes made in
relation to the typical 1970s apartment block in Finland, which was
chosen as a starting point of the development. The method does not
take cooling into account; thus the energy savings only denote the
savings of heating energy. Sections 3.2 and 3.3 discuss the basis and
basic structure of the method whereas Section 3.4 focuses on the
accuracy of calculation.
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Building-specific information about the field monitored blocks of flats [6].
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Building Location Building type, Balcony type, U-values of Balcony material ~ Heat transfer by Solar absoption Overall tightness of
number construction year, dimensions windows and doors (parapet material —conduction level of balconies  the balcony (after
external wall (Number of glazed [W/m?K] informed in (ZU*A) from (External user effect)
structure and sides informed in parentheses) adjacent flat to obstruction
U-value [W/m?K]  parentheses) balcony [W/K] informed in
parentheses)
3 Hervanta precast concrete,  Protruding, U=1.4 (windows), concrete balcony, Typical, 9.5 High (building High (typical)
1975, concrete w=4.0m,d=1.5m, U=1.2(doors) (board parapet) ~50m in front of
sandwich panel, h=2.6m (both 1 facade)
U=04 and 2)
5 Hervanta precast concrete, Protruding, U=1.2 (windows), concrete balcony, Low, 7.7 Very low (dense Very high
1979, concrete w=4.0m,d=1.5m, U=1.2(doors) (concrete parapet) forest in front of
sandwich panel, h=2.6m (1) facade)
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Fig. 12. The measured and simulated balcony temperatures as well as reference outdoor temperatures. Measured balconies are identified by letter codes (in parentheses).
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Fig. 13. Maximum, minimum and average temperatures of the outside air as well as those of the measured and simulated balconies. Measured balconies are distinguished

by balcony codes.

The features affecting the glazed space’s indoor climate and
energy saving potential have been identified with the help of a sen-
sitivity analysis [4]. For the simplified method, 13 main parameters
regarding the balcony and 5 main parameters regarding the flat
were chosen. The calculation coefficients, which depict the devia-
tion from the base case, were derived by changing the simulation
parameters one at a time and by proportioning the results to those
of the base case. The derivation was simplified because all possi-
ble combinations of 13 balcony and 5 flat variables would have

been exorbitantly time-consuming to simulate. Consequently, the
derived factors describe a situation where only one variable has
been changed. Their concatenation will cause an error if the coef-
ficients are dependent on each other. As some of the variables are
likely linked, this uncertainty is discussed in Sections 4.1 and 4.2.
The temperature levels and energy saving effects of a build-
ing’s balconies vary considerably due to their different locations
on the facade (or on a different facade) and due to the proper-
ties of the apartment they are connected to. As said, the simplified
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Table 6
Specifications used in the comparisons of dynamic simulations and simplified calculations in the flat deviation study.
Cross Case to which Flat position Flat size Balcony's relation Building ventilation Roomemperature
tabulation case additional case have to exterior wall type (air change rate) [°C]
made
4B Case 4 (5 changes)+ Top floor, central flat Balcony covers 75% heat recovery
one-third of the (0.5ACH)
flat‘s exterior walls
4C Case 4 (5 changes)+ Ground floor, central flat Balcony covers 75% heat recovery
one-third of the (0.5ACH)
flat's exterior walls
5B Case 5 (5 changes)+ Ground floor, central flat Studio Mechanical exhaust
(0.4ACH)
5C Case 5 (5 changes)+ Top floor, central flat Studio Mechanical exhaust
(0.4ACH)
6B Case 6 (5 changes)+ Mid floor, edge flat Three-room flat Mechanical exhaust
(0.2ACH)
6C Case 6 (5 changes)+ Mid floor, edge flat Three-room flat 19°C
7B Case 7 (7 changes)+ Top floor, edge flat Three-room flat
7C Case 7 (7 changes)+ Ground floor, edge flat Three-room flat
8B Case 8 (7 changes)+ Mid floor, edge flat 50% heat recovery
(0.5ACH)
8C Case 8 (7 changes)+ Mid floor, edge flat 23°C
9B Case 9 (7 changes)+ Ground floor, edge flat Studio
9C Case 9 (7 changes)+ Top floor, edge flat Studio
10B Case 10 (9 changes)+ Balcony covers
one-third of the
flat‘s exterior walls
11B Case 11 (9 changes)+ Mechanical exhaust
(0.2ACH)
12B Case 12 (9 changes)+ Top floor, edge flat
12C Case 12 (9 changes)+ Ground floor, edge flat
13B Case 13 (5 changes)+ 23°C
Case 3D Building 3 (7 changes)+ Balcony covers Mechanical exhaust 22.7°C
one-third of the (0.4ACH)
flat's exterior walls
Case 5A Building 5 (8 changes)+ Balcony covers Mechanical exhaust 23.6°C

one-third of the

(0.4ACH)

flat's exterior walls

method is designed for the individual evaluation of a single glazed
balcony. However, the combined effect of a building’s all glazed bal-
conies can also be calculated if the building’s actual or estimated
energy use is available. Summing up the results from individ-
ual calculations gives an estimation of the total energy saving
in kilowatt-hours. Saving percentage can, then, be calculated by
relating the result of the summation to the building’s total energy
use.

3.2. Base case

The base case is a starting point for the calculation. It represents
a typical Finnish apartment with a balcony built in the 1970s. Like
the majority of flats in Finnish apartment blocks, it is located in
the middle of the building, not on the ground floor, top floor or on
the building’s gables. It is medium sized [38] and equipped with
the most typically used ventilation type i.e. mechanical exhaust
ventilation [39,40]. The chosen room temperature also represents
the usual design value, i.e. 21°C [33]. Fig. 7 shows the used sim-
ulation model and Table 1 presents the input parameters for the
base case as well as for the simulation of Buildings 3 and 5. The
level of electrical equipment in the apartment, flat usage habits
and the operation of HVAC systems were altered to correspond
to the national calculation guidelines of Finland. The values in the
guidelines are based on the number of residents (3 W/m?); light-
ing (11 W/m?2); electrical equipment (4 W/m?); the hours of the
residents spend in the dwelling; and the hours the lighting and
equipment are used [33]. The values correspond to the typical usage
of a flat in Finland [41]. The climate data used for base case sim-
ulation was Helsinki ASHRAE IWEC2 Weather File, which is based

on measurements taken at least four times a day for up to 25 years
and which originates from the National Climatic Data Center [42].

Numerous simulations were carried out during the develop-
ment of the simplified method. The challenge was to find the most
suitable modeling method for intended purpose. The aim was to
make a model in which a) changes to all parameters would be pos-
sible, and b) to minimize obvious interdependencies identified by
logical reasoning. Investigations were, for example, performed to
establish the most suitable point of compass for the base model.
Simulations were done for north and south facing balconies as well
as with and without external shading. A south-facing base case
was selected because its simplified calculation gave the best cor-
relation with respect to the IDA-ICE simulation. This is because
Finnish balconies are typically directed to south. The orientation
is also desirable with regard to energy savings, indoor climate and
usability. The elimination of interdependencies relied on a qualita-
tive approach. A more detailed, quantitative analysis would have
required the identification of stochastic variation in the parame-
ters and the creation of a covariance matrix. Since the developed
method is a simplified one, logical reasoning was considered to
suffice.

3.3. The calculation procedure

In the simplified method, the calculation is performed by multi-
plying the factors determined from Figs. 8-11with the values of the
base case given in Table 2. Eq. (2) provides the formula for calculat-
ing energy savings and temperatures of a balcony, where X depicts
the chosen variable (Ex, Exwnh, Tmax, Tmin OF Tavg). Eq. (3) is used
for determining the average temperature difference ATayg as well
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Table 7

Calculation of the percentual savings according to the simplified method.

Calculated

The

Unintended External

Glazed sides Balcony

(parapet-
type)

Balcony type Balcony

(depth) [m]

Building Balcony Window Door U-value Exterior wall Balcony
surface [W/m?K]

Building
location

Cross

coefficients percentual

ventilation obstruction

of the
structures glazed

glazing
are

width [m]

facade

U-value U-value

supply air
intake

tabulation

case

multiplied energy

by each
other

type (All

orientation

[W/m2K]

[W/m2K]

absorptivity
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11.8
25.1

0.81
1.73

0.81
0.89
0.89

1.98 0.78 0.66 0.94 0.89 1.26 0.96 0.97
1.98 0.87 0.86 0.84 1.78 0.93 0.86
0.79 0.97
0.77 1.05

1.98

1.10

oS —
—

139
12.9
8.9
9.8

0.96
0.89
0.62
0.68

0.92
0.92
0.92

1.26 0.96
1.25
1.34
0.89 1.20 0.96

0.95
0.95

0.94
0.96
0.96

0.68
0.80

0.65

0.92
0.72

11.9

9.9

0.82
0.68

1.00
0.96

0.77
0.77

1.98 0.78 0.77
1.98 0.78 0.68

0.94

Building 3

0.98

0.94

Building 5

as the minimum (AT;,) and a maximum temperature differences
(ATmax )'

X = ITj(oy) x Hj(Bj)XXbase (2)

where X=estimated variable in actual design situation. [T=a
symbol depicting product sequence. o =calculation coefficient of
balcony deviation (Section 3.3.1). 8 = calculation coefficient of flat
deviation (Section 3.3.2). i =the index of balcony deviation calcu-
lation coefficient. j=the index of base case deviation calculation
coefficient. Xp,¢e = the value of variable X for base case (Table 2).

ATavg = Tavg - Taverageoutdoortemperature (3)

where AT,y =temperature difference between the glazed space
and outdoor air. Tyerage outdoor temperature = y€arly outdoor temper-
ature of the city (Table 2).

If the intended calculation option is not included directly in the
figures (e.g. the location of Tampere), the value can be estimated
with the help of the other values (the values for Tampere are the
averages of factors for Helsinki and Jyvdskyld, because Tampere
is located roughly halfway between them). The external shading
(Fig. 10), which prevents the fall of solar radiation on the fagades,
must be estimated on the basis of the scene opening in front of
the balcony. For example, if the building is situated in a fully open
terrain, the obstruction level is 0% and in a fully closed scene it is
100%.

3.3.1. Balcony’s deviation from the base case
The simplified method takes into account the following differ-
ences to the balcony of the base case (Figs. 8-10):

a. Geographical location.
b. Supply air solution (through the glazed balcony or directly from
outside).

c. Balcony surface absorptivity (The balcony’s ability to store solar
energy).

. U-values of balcony window.

. U-values of balcony door.

. U-values of building exterior wall.

. Orientation of balcony facade.

. Balcony type (including depth change).

. Width of balcony.

. Amount of glass in the parapet and balcony glazing.

. Glazing type (single, double or triple glazing).

. Structural tightness of balcony glazing as well as balcony other
structures.

m. Effect of external sun protection or shading.

—_— A e e T 09— D A

The location-based temperatures needed in temperature differ-
ence calculations (Eq. (3)) are given in Table 3. All location-based
weather information has been taken into account when the calcu-
lation factors were derived with the help of IDA-ICE, even though
only temperature information is used in the simplified method.

3.3.2. Flat’s deviation from the base case
The simplified method considers the following differences to the
flat of the base case (Fig. 11):

1. Position in the building (horizontal and vertical).
2. Size.

3. Room temperature.

4, Balcony's relation to exterior wall.

5. Ventilation type and exchange rate.
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3.4. Reliability analysis

The reliability analysis of the simplified method consisted of two
phases. First, the representativeness of the base model was esti-
mated in relation to the reality with the measurements of Buildings
3 and 5; then, the reliability of the simplified method was studied
by comparing the calculated and simulated results with each other.

3.4.1. Field measurements vs. simulation

In the first phase, the field monitoring results of Buildings 3
and 5 were compared with simulations of their balconies. This
is to say that deviations from the base balcony were taken into
consideration but deviations from the base flat were not. Then,
the base case was modified to accommodate also for the mea-
sured Flats’ (3D and 5A) deviations from the base flat, and the
comparison with their field measurements was repeated. The pur-
pose of the investigation was to evaluate (a) how accurately the
balcony’s temperature level can be calculated without taking into
consideration deviations from the base flat, and (b) how much
the incorporation of those deviations will improve the results.
The first simulations are referred to as ‘Building 3’ and ‘Build-
ing 5 in Table 5, and the latter simulations as ‘Case 3D’ and
‘Case 5A’ in Table 6. Next, it is described how Buildings 3 and
5 differ from the base case, i.e. the model-specific characteris-
tics.

Buildings 3 and 5 are located at a distance of 600 m from each
other in the city of Tampere (61°29'53”N, 23°45'39”E). The original
characteristics of the buildings were very similar, but after reno-
vations in the 2000s, today there are some differences (Table 4).
The most noticeable one is the replacement of the concrete bal-
cony parapet in Building 3 with a parapet made of light-weight
materials. There are also some differences between the thermal
resistances of windows and walls, but most critical difference
originates from the existence of external shading. Building 5 is
surrounded by tall birch trees, which reduce the wind pressure
and, most importantly, protect the facade from the sun’s radia-
tion. The reduction in incoming radiation reduces the inflow of
thermal energy and results in lower temperatures in the bal-
cony.

Weather data used in the simulation covering the period of
field measurements was purchased from the nearest meteorolog-
ical stations. The data that encompassed air temperature, relative
humidity, wind speed and wind direction were obtained from the
Tampere/Pirkkala airport (20 km west of the site) weather station
EFTP (WBAN 99999). The data on solar radiation originated from
the nearest Meteorological Observatory, Jokioinen (100 km south
of the site).

3.4.2. Simulation vs. simplified calculation

3.4.2.1. Balcony deviation. After the behavior analysis of the used
simulation model was conducted, the effect of balcony deviations
to the reliability of the simplified method was studied by com-
paring the calculated and simulated results with each other in
17 different cases (Table 5). Cases 1-3 include three changes;
cases 4-6 and 13-15 five changes; cases 7-9 seven changes; and
cases 10-12 nine changes. Cases 13-15 were designed to exam-
ine the impact of external shading to the results. In addition,
the simulated and measured results of Buildings 3 and 5 were
also compared. In the simulation model, the balcony’s proper-
ties were modified to reflect the reality, but the flat was kept at
default settings with a standardized air changes rate (0.5 ACH),
21°C room temperature and the base case’s room characteristics.
This is because at this stage, the aim was to give an overview of
balconies’ temperature behavior and energy saving potential in
general, not that of a specific balcony in a building. This kind of a
review may be a useful starting point in a design situation in which,

for example, flats’ sizes and room temperatures vary in abun-
dance.

4.1.2.2. Balcony and flat deviation. Then, flat deviations were added
to the Cases 4-13 and a total of 17 new calculations and simula-
tions were performed. Cases 4B-6C include eight changes; cases
7B-9C nine changes; cases 10B-12C ten changes; and case 13B
six changes. Cases 13-15 were designed to examine the impact
of external shading to the results. The additional changes made
to the cases 4-13 are presented in Table 6, where 16 cases of
17 have a total of 8-10 changes. In addition, the simulations and
measurements of Cases 3D and 5A were compared. In the simu-
lation model, the inclusion of the flats’ properties meant that the
model’s flat was modified to extend across the building (balcony
covers, thus, only one-third of the flat's exterior walls) and a sec-
ond supply air vent was added (denoting that the amount of air
incoming through the balcony is halved). The amount of ventilation
was also dropped from 0.5 ACH to 0.4 ACH and the room temper-
ature was raised from 21°C to 22.7 in Case 3D and to 23.6°C in
Case 5A.

4. Results and discussion
4.1. Field monitoring vs. simulation model

Fig. 12 shows clearly that the temperatures the simulations pro-
duce are systematically slightly lower than the actual temperatures.
The greatest difference between the simulated and measured bal-
cony temperatures can be observed in Building 5 (flat deviation
ignored) in the winter months, and the smallest difference occurs
in the fall. The differences between the measured and simulated
values are most likely caused by the difference in the relationship
between the specific heat loss from the glazed space to the out-
side and specific gain from the building to the glazed space. As
the simulated temperatures are clearly under the measured val-
ues throughout the year, the simulations likely overestimate the
heat loss level from the glazed balcony to the outside air. This is
clearly visible on all glazed balconies with Balcony 3A as an excep-
tion. The reason is the disruption on measurements on Balcony 3A
whose door was open for long periods during the measurements
[6].

The more detailed simulations (Cases 3D and 5A) raised the tem-
perature level on the balconies by 0.6 °C on average (Fig. 13). This
is due to the facts that a) changes in the ventilation rate and the
number of supply air valves reduced the amount of intake air from
the balcony (therefore, the balcony did not cool down as effectively)
and b) raising the room temperature increased the temperature dif-
ference between the balcony and the flat (that is, heat losses from
the flat to the balcony grew). The cooling effect is also decreased
by the reduced air supply that follows from the dropped air change
rate (from the standard 0.5 ACH to the actual situation of 0.4 ACH).
This level is at least true for Building 5, whose ventilation rate has
been shown to be under the required level in a previous study
[43]. In addition, the base model assumes the room temperature
to be lower (21°C) than in reality (21.5-23.6°C on average), and
this causes incorrectness to the results, even though the simplifi-
cation does not seem to have very significant implications. Balcony
temperatures on Balconies 3A and 3B, for instance, were virtually
the same during the coldest period of the year (January), although
their measured average room temperatures differed by 2.1 °C being
21.1°Cin Flat 3A and 23.2°C in Flat 3B.

The analysis shows that the simulations (both those that encom-
pass only balcony deviation as well as those that encompass
deviations from both the base balcony and the flat) gives results
slightly lower than the reality, which means that the results are
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Table 8
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Comparison of results from the simplified method and dynamic energy simulation in cases where the balcony deviates from the base case.

Energy savings, Energy savings, Kilowatt- Balcony temperatures, Balcony temperatures, Balcony temperatures,
percentual [%] hourly [KWh] maximum [°C] ini [°C] average [°C
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Table 9

The absolute and proportional differences of the cases including 3, 5, 7 or 9 changes in relation to the base case.

Energy savings, Energy savings, Balcony temperatures, Balcony temperatures, Balcony temperatures,
percentual [%] Kilowatt-hourly [kWh] maximum [°C] minimum [°C] average [°C]
Number of changes 3 5 7 9 3 5 7 9 3 5 7 9 3 5 7 9 3 5 7 9
Absolute difference
Mean deviation 2,1 35 08 18 46 194 71 52 05 14 1,2 10 1,7 04 1,1 1,0 05 04 07 04
Max deviation 3,1 53 13 27 70 292 106 78 08 21 19 15 26 07 1,7 15 07 07 10 07
90% fractile 3,7 41 12 -22 101 87 68 -8 00 -02 05 -10 29 05 16 01 -01 04 09 02
Percentual difference
Mean deviation 58 37 7 7 65 29 13 5 1 5 4 3 32 11 8 22 3 4 8 5
Max deviation 88 55 11 10 98 43 20 7 2 7 6 5 48 167 11 33 5 7 12 7
90% fractile 121 76 15 -12 124 53 13 -15 0 -1 2 -3 1 197 4 10 -1 5 10 2

on the safe side. The main reason for this is the overestimated
heat loss level from the glazed balcony to the outside. As seen
in Figs. 12 and 13, flat deviations, such as modifications to the air
change rates, room temperatures and the number of air inlet vents
bring the simulated results closer to the measured values, but the
improvement of accuracy is not very significant. This is because the
flat deviations do not affect the simulation’s basic source of error,
i.e. the exaggerated heat loss from the balcony. Thus, the results
are on the safe side in both situations (flat deviation omitted or
included).

4.2. Simulation vs. simplified calculation

4.2.1. Balcony deviation

This section demonstrates the use of the simplified method by
giving the calculation results for the percentual energy savings, and
by comparing the results calculated for percentual and kilowatt-
house energy savings as well as maximum, minimum and mean
temperatures with those acquired through simulation.

The differences between the calculation cases are given in
Table 5; the corresponding coefficients have been read from

Figs. 8-10 in Section 3.3.1 and are recorded in Table 7. The total
impact of the changes has been calculated to the second last col-
umn of the table by multiplying the coefficients together. The final
results have been obtained by multiplying the overall coefficient
by the percentual base values of the base case (Table 2).

Table 8 gives the results from comparing the calculations with
the simulations. The reliability of the simplified method’s results is
evaluated in terms of absolute and proportional changes in rela-
tion to the simulated values. The proportional change indicates
how much the difference of the calculated and simulated value is
in relation to the simulated value. The four largest proportional
and absolute deviations between the methods are highlighted in
dark gray. The bottom of the table summarizes the mean deviation,
maximum deviation and 90% fractile of the calculated difference.
In terms of the method’s reliability, proportional errors are more
critical than absolute errors. Therefore, the paper focuses from now
on comparing the relative errors and analyzing the reasons behind
them.

The largest relative errors tend to be in situations where the
energy savings have been small, and the largest absolute errors
in situations where the energy savings have been great. The most
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Table 10
Comparison of results from the simplified method and dynamic energy simulation in situations where both the balcony and the flat deviate from the base case.
Energy savings, Energy savings, Kilowatt- Balcony temperatures, Balcony temperatures, Balcony temperatures,
percentual [%] hourly [kWh] i [°C] [°C] average [°C]
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Mean 2,7 | 110 117 85 13 4 15 103 0,7 7

Max 8,4 | 824 267 | 505 32| 11 59 | 971 1,9 | 19
90 % 5,2 [MS57 253 195 1,4 5 1,9 28 0,8 8

accurateresults are obtained in cases that deviate only slightly from
the base case. In practice, this means that large energy savings are
underestimated and small savings overestimated. A similar trend
has been observed in results regarding temperatures, although it
is not as evident. Due to this trend, absolute and relative errors
occurred often in different cases (Table 8). The largest relative devi-
ations (Table 9) were associated with the energy consumption,
where the kilowatt hourly errors were slightly higher than the
percentual errors. Interestingly, in many cases the percentage and
kilowatt hourly error had the same order of magnitude. This sug-
gests that the same factors were behind the error. When it comes
to temperature calculations, the greatest uncertainty occurred with
minimum temperatures, which was especially evident in Case 4. In
contrast, the maximum and average temperatures could be deter-
mined with good accuracy in all cases.

The accuracy is not highly dependent on the number of vari-
ables changed, since cases 7-12 do not account for the most of
the highest relative errors (Table 8). More likely, the accuracy is
affected by some individual factor or a combination of a few. The
factual underlying reason for the inaccuracy was not found. As dis-
cussed in Section 3.1, the calculation method relies on a simplified
derivation of coefficients due to practical reasons. This simplifica-
tion is likely the main cause of inaccuracies. The reason is that (a)
some variables are dependent on each other, which is why the effect
of some factors is inadvertently calculated multiple times, and (b)
when the calculated case differs significantly from the base case,
the true interdependencies of the variables also change, and the
method is not able to take this into consideration. This can be seen
clearly by examining the results of Tables 8 and 9. Table 9 shows
that the largest error with regard to energy savings occurred in
cases that had only three deviations from the base case, and the
greatest error from the simulated minimum temperatures occurred

with five deviations. Major errors arise in situations where either
the building’s overall energy consumption level (e.g. clearly dif-
ferent location than in the base case) or the balcony’s heat balance
(increased heat loss from balcony to outside, reduced heat loss from
flat to balcony and/or reduced solar energy absorption) is signif-
icantly different in comparison to the base case. The reason for a
large error in Case 1 was the simultaneous significant changes to the
U-values of the balcony window (from 2.8 to 1.0), door (from 3.0 to
1.0) and exterior wall (from 0.4 to 0.17). In Case 4, the cause was the
change of geographical location (which reduces the temperature
difference between the outside air and the apartment) in connec-
tion with the changes to the absorptivity of the balcony’s surfaces,
the number of layers in the glazing and the glass’s properties (triple
solar protection glazing).

A significant improvement of the thermal insulation also
reduced the accuracy of the minimum temperatures and caused
the highest deviation between the calculated and simulated mini-
mum temperatures (Case 4). The second largest error occurred in a
situation where the location was changed, the number of glazed
sides was increased from one to three, and the air supply was
taken through the balcony (Case 2). The basic reason in this case
is, however, the deviation of location, because the magnitudes of
the calculation factors are highly dependent on the location (for
example, the effect of U-value changes is, in reality, lower in Bre-
men than in Helsinki). The largest errors to average temperatures
were caused by a difference in external shading when it occurred
together with either that of the absorption coefficient (Case 14) or a
different balcony orientation (Case 15). In both situations, the effect
of weakened solar energy absorption is taken into account par-
tially twice. This should be avoided when calculating cases where
at least two of the following variables deviate from the base case:
balcony surface absorptivity, orientation and external shading. To
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avoid this overlap, one option is to reduce external shading from
the real situation.

4.2.2. Balcony and flat deviation together

Deviations from the flat’s properties in the base case do not seem
to have major implications for mean and maximum temperatures,
but they do have clear impacts on percentual and kilowatt hourly
energy savings as well as on minimum temperatures. This can be
seen by comparing the maximum errors in Tables 8 and 10. The
results also show that the magnitude of the error is directly propor-
tional to the number of flat deviations from the base case (Table 11).
The cases with only one deviation to the flat’s variables result in
only minor additional error, but already two and three deviations
can increase the error clearly if the balcony also deviates signifi-
cantly from that of the base case. In all, flat deviations cause larger
calculation error than balcony deviations.

Table 10 also shows that cases that already include a lot of error
due to balcony deviation (such as Case 4) can lose accuracy even
more if flat deviation is added (as in Cases 4B and C). In those cases,
the systematic error of the calculation method is multiplied. On
the other hand, Table 10 shows that changing the flat’s size and
position on the facade simultaneously can, too, be a major source
of uncertainty (e.g. Cases 5B,C, 7B,C, 9B and C). In addition, major
differences with regard to ventilation (e.g. supply and exhaust ven-
tilation with heat recovery) coupled with significant deviation from
the base case’s energy consumption (e.g. location in Bremen) can
cause clear error to the results.

In other words, further deviations from the base flat exacerbate
these errors. The simplified method may even give them incorrect
ranking if, in connection with several balcony deviations, two or
more changes are made to the flat. Three cases behaved like this.
The first was Case 7C with regard to the percentual energy savings:
according to the simplified method, percentual savings increase
in comparison to Case 7B, but according to the simulation, they
should have decreased. A similar phenomenon was noticed in the
average temperatures between Cases 4B and C as well as Cases 5B
and C. This indicates that the simplified method is not, in principle,
designed for comparing the performance of balconies in different
parts of the building or belonging to flats of different sizes, but
for optimizing the energy performance of a balcony, whose flat is
already known. In the latter situation, the method is capable of
indicating the correct ranking of different options, even though the
quantified results do withhold some uncertainty.

4.3. Possibilities and limitations of the simplified method

The accuracy of the method is bestin Finland and in other similar
climatic conditions, since the base case is based on Finnish con-
struction methods and Finland’s latitudes. The uncertainty analysis,
however, indicates that the calculated case can also differ from the
base case. With regard to the method’s accuracy, the most signifi-
cant factor is not the number of deviations but how extensive they
are in comparison to the base case. If the properties of the cal-
culated flat do not deviate from the base case, the most critical
variables are those that affect the energy performance the most,
such as the geographical location, U-values, air tightness and expo-
sure. The method is, however, more sensitive to deviations from
the base flat: for instance, if the flat’s size and position deviate, the
error is exacerbated if further deviations from the base balcony are
made. The simplified method is, nevertheless, within the limits of
reasonable reliability if it is not used for comparing balconies with
different positions or flat sizes but for optimizing the energy per-
formance of a chosen balcony. One should, however, note that the
relative error increases the more the design deviates from the base
case. As a general rule, the systematic error of the method does not
grow too large if the total amount of deviations is no more than

nine while a maximum of one deviation is made with regard to the
flat. If the design includes two or three deviations from the base
flat, the total number of changes should respectively be limited to
seven and five.

Despite the fact that the simplified calculation method is not
intended for the simultaneous optimization of both the properties
of a balcony and its position on the facade, this can be done with
the help of the method if a three-stage procedure is followed. First,
the position of the balcony should be optimized by comparing dif-
ferent positions while keeping the balcony’s properties constant.
Secondly, the properties of the balcony should be optimized by
comparing different options while keeping the balcony’s position
constant. Finally, the combined effect of the balcony’s properties
and position can be calculated if there is a need to quantify, for
instance, the energy savings. It is also important to remember that
the results represent, in principle, the order of magnitude rather
than the precise truth.

A critical evaluation of the method reveals also some short-
comings, some of which can be observed in the results of Table 8.
One major deficiency is the calculation method for the heat losses
between the building and the balcony, the effect of which Case
1 illustrates well. In the simplified method, the heat loss level
changes are examined separately for windows, doors and back
walls, although observing the total heat loss levels would give more
accurate results. In the simplified calculations, the multiplied effect
of those changes results in higher balcony temperatures than simu-
lations do. The joint effect can also produce errors when the balcony
type or size or the U-values of windows, doors or walls are changed.
This is because the proportional changes of U-values are compared
to the base model situation, which is a4 m wide protruding balcony.
In recessed balconies, for instance, there are more running meters
of exterior walls, and windows and doors represent smaller pro-
portions of their total heat losses. The coefficients of the simplified
method cannot take these differences into account, which is why
the method underestimates the change of the U-value but overesti-
mates the effect of windows and doors in recessed balconies. Error
can also occur if the length of the balcony differs from the base
case but the proportion of windows and doors does not change in
the same proportion. However, recessed or very wide balconies are
rather rare in Finland, whereby the reliability is good for typical
cases. In addition, it was necessary to provide the U-values sepa-
rately for windows, doors and back walls, because these structural
parts are often renovated independently of each other.

Another factor causing uncertainty to the method is the supply
air inlet solution, because its proportional effect with a protruding
balcony (base case) is less than that of a recessed or semi-recessed
balcony. This effect would have been possible to rectify with a
correction factor, but it has not been done in order to retain
the simplicity of the method. In addition, variables linked to
angle-dependent solar radiation, like the balcony surface absorp-
tion coefficient; balcony orientation; external sun protection or
obstruction; and building location are critical. For example, exter-
nal shading and orientation are the more critical the darker the
surface, and vice versa. In this case, the change in the availability
of solar radiation (either by an external shading or a change of ori-
entation), together with the change in the absorption coefficient,
gives a slightly distorted result. When it comes to external shad-
ing, it should be remembered that the availability of solar energy is
also directly commensurate to the orientation of the facade, which
results easily in calculating the same effect two times. For example,
a north-oriented recessed balcony does not receive solar radiation,
even though the building would be situated in a totally open ter-
rain. If both factors are taken into account, an error occurs, because
they are modeled separately and proportionally to the south-facing
balconies in the sensitivity analysis. As a result, the combined effect
is more than the actual situation.
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Table 11

The absolute and proportional differences of the cases including 8-10 changes in relation to the base case.

Energy savings, Energy savings,

Balcony temperatures, Balcony temperatures, Balcony temperatures,

percentual [%] kilowatt-hourly [kWh] maximum [°C] minimum [°C] average [°C]

Number of changes 8 9 10 8 9 10 8 9 10 8 9 10 8 9 10
Absolute difference
Mean deviation 2,9 2,6 2,7 95 162 144 0,6 1,6 1,3 1,6 1,5 1,9 0,5 0,6 0,3
Max deviation 6,5 33 43 212 287 181 1,4 33 2,6 33 21 3,8 1,4 1,0 0,5
90% fractile 8,0 49 2,6 212 275 88 1,1 1,7 0,3 2,9 1,6 -0,5 1,2 0,4 -0,2
Percentual difference
Mean deviation 239 70 20 151 93 27 2 5 5 282 8 10 5 7 2
Max deviation 717 128 21 452 160 45 4 12 8 845 13 13 14 13 5
90% fractile 527 152 8 315 208 30 3 6 1 23 8 30 13 5 -3

Due to this challenge with the assessment of the effect of References

the external shading and orientation, the simplified method takes
shading into account as an optional parameter separated from the
basic variables. When using it in calculations, it is necessary to keep
the aforementioned effect in mind. Another way to use those fig-
ures is to utilize them together with the figures for the unintended
balcony ventilation and to evaluate the effect the air movement and
external shading have on summer time maximum internal temper-
atures of the glazed balcony. The figure for unintended ventilation
can also be used for assessing how much summertime maximum
temperatures can be affected with ventilation and external shad-
ing.

Although it was not possible to eliminate the variables’ depen-
dence of each other totally, the development of simplified method
is favored by its benefits, such as clarity, understandability and the
speed of calculation. For example, Figs. 8-11 show the effects of
different variables in a very graphic manner. If they are taken into
account in balcony design from the start, the number of changes
required to the base case is reduced so that it rarely exceeds
seven. In other words, the key factors for energy savings and inte-
rior temperature of glazed spaces are easy to understand and this
information can be taken advantage of even without conducting
calculations. Furthermore, using the simplified method does not
require in-depth knowledge of building physics or a deep under-
standing of the simulation software. Instead, an engineer’s or an
architect’s basic education is sufficient for performing the calcula-
tions. This promotes the use of method in practical design work,
allowing easy energy engineering of glazed spaces.

6. Conclusion

The purpose of this study was to develop a simplified method
for the assessment of energy saving effects and interior tempera-
tures of glazed balconies. The aim was to create a quick and simple
way to rank different design options in the preliminary design
stage of a construction project. The development of the method
was based on the materials and results produced during previous
studies [4,6,32,43].

As a result of preselected variables and their pre-calculated
coefficients, the use of the method is quick. After a few hours of
experience, any architect or structural engineer can absorb the
method and take advantage of it in their daily work. It is not even
necessary to always make the calculations: the user can learn a lot
about the energy saving and interior temperature design of glazed
spaces simply by looking at the participating factors in Figs. 8-11
given in Section 3.3 and by utilizing this knowledge in the design
work. However, the method enables making real calculations eas-
ily and designing energy-optimized glazed spaces by comparing
different options in the preliminary design stage. Even though the
method has some shortcomings that result in a degree of uncer-
tainty, the accuracy of the tool is sufficient for this purpose.
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of the building were glassed in and the ventilation system was renewed. The purpose of this study was to
investigate the effect the added glazing would have on the building’s energy demand and indoor climate.
Measurements were taken on site and were used as the input for computational studies performed with
the help of IDA Indoor Climate and Energy software (IDA-ICE).

Keywords: The study showed that the heating energy demand was reduced after the glazing installation by
Added glazing between 5.6% and 25.3%. In addition, the mean annual temperature difference between the cavity space
::[')i‘_jlgomtormg and the outside air was from 5.2 °C to 11.4 °C higher, depending on the design. A number of different
Building energy simulation design optigns were explored for the winter_ and alsp summer case-st_udies, as i.t was appafent tha}t
Energy saving effects adding glazing decreased the level of comfort in the building's indoor environment in summer time. This
Indoor climate problem could be solved by increasing the cavity air flow or adding new solar shading to the front or back
of the glazing.
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1. Introduction

In order to save energy in existing buildings different measures
can be taken e.g. building technical solutions, such as adding in-
sulation to the building envelope, and building services solutions,
such as adding heat recovery to the ventilation system. Other so-
lutions may also be applied if special requirements are to be met,
cultural heritage considerations could be one example. In these
situations, the facade can be protected with a transparent glass
layer construction added in front of the facade.

In this study, an old hospital area in Malmo was being re-
novated. The renovation had a sustainable profile. One of the
houses was a small flat brick building which was first intended to
be externally insulated. However, the exterior was not allowed to
be altered too much so instead it was decided to construct a
glazing on the facade, creating an air cavity between the old brick
wall and the glazing. This technical measure was chosen as it
improves the insulation of the building envelope by reducing the
heat transmission losses through the exterior walls, and it warms
the building by capturing the solar energy absorbed by the brick
wall and could also be used for pre-heating of the ventilation air.
In line with its strategy of achieving sustainable solutions, the city
of Malmo planned and installed an extensive amount of mea-
surement sensors at various points in the building to enable eva-
luation and control of the technical solution. The study of the
energy demand and indoor climate performance of the building
was the main objective of this study, and the intention was to
estimate the energy needed for different design solutions, and
their effects on the indoor climate. The objectives for this study
can therefore be specified as being to:

1. Investigate how effective the chosen renovation method was
regarding energy and thermal comfort.

2. Build an IDA-ICE model and use measurements from the real
building to validate that the IDA-ICE model behaves in a quali-
tatively realistic way compared to the renovated building.

3. Investigate other possible renovation choices with the IDA-ICE
model for both winter and summer conditions.

Measurements were made on site and were used as inputs for
computational studies performed with the help of IDA Indoor
Climate and Energy software (IDA-ICE) 4.6.2. Software validation
was carried out by comparing the field measurement results to the
simulations during one week in winter, one in summer and one in
spring. After creating a valid model, a total of 63 whole-year si-
mulations were conducted in order to analyse the impact of dif-
ferent glazing and ventilation modes on the building’s energy
demand. In addition, the building’s indoor temperatures in sum-
mer were also analyzed. The heating energy-saving studies (win-
ter mode) included different amounts of glazing (one, two and
three glazed facades), various glazing solutions (single, double and
triple glazing) and two air inlet modes (through the cavity space or
directly from outside). The summer conditions studies (cavity
cooling mode) included evaluation of the cavity window ventila-
tion, the cavity mechanical exhaust ventilation (FF2-fan) and

supply by the ground duct system (TF1-fan) as well as internal and
external blinds for the cavity glazing. Calibration studies were
made without tenants in residence, and a simulation analysis was
performed using the standardized living habits of tenants, which
was the only difference between the analyses of the calibration
and the simulation. The building is structurally homogeneous, like
a typical brick-walled building in Sweden, which makes it possible
to apply the results to similar buildings.

2. Background

In general, a double skin facade (DSF) can be defined as mul-
tiple layer skin construction [1] and is considered to be a pro-
mising energy conservation measure for buildings [2]. New multi-
story office buildings are sometimes built with a DSF [3]. Solutions
applied to residential buildings such as [4-6] are clearly less
commonly studied, and those studies which have been carried out
have mainly focused on multi-story buildings. DSFs have rarely
been studied as a method of protecting the facades of archi-
tecturally significant buildings [7], especially with regard to pro-
tecting smaller buildings, as in [8].

Typically, a DSF is composed of an external and an internal
layer, as well as the cavity space, which acts as a buffer and can be
used for controlled ventilation and solar protection [9]. Typically,
the inner and outer layers are glazed structures [10]. The inner
skin consists of double- or triple-pane glass filled with air, argon or
krypton, while the external skin is single glazing [3]. Controllable
shading systems have been typically located inside the cavity [11]
and cavity depths have varied from 0.2 to over 2.0 m [3]. There
have been few field-measurements or simulations where the in-
ternal skin consists of material with a high thermal mass [12].
Measures for adding glazing to protect old facades while they are
being renovated [7] have also received little attention. Energy
savings in a cooling-dominated climate are mostly connected to
glazing solutions with a low solar factor and low U-value in order
to minimize the cooling load of the building [13]. Conversely, in a
heating-dominated climate, a high solar factor is recommended -
especially in the situation where the added cavity is also utilised to
pre-heat the ventilation air [14], because this allows the highest
available amount of passive solar heat gain.

Ventilation of the cavity could be natural, forced or mixed. It is
also possible to integrate it with the naturally- or mechanically-
driven ventilation system inside the building. The results of Ref. [7]
shows that a DSF which is connected to naturally-ventilated
buildings is a valuable renovation solution and may reduce the
energy demand by up to 12%. The work of [15] also supports the
fact that DSFs with natural ventilation minimize the use of cooling
energy and enhance thermal comfort. Stec and van Paassen [16]
have underlined the importance of integrating a DSF into the
building’s ventilation unit. Saelens et al. [17] suggest a changeable
system whose settings can be adjusted according to the climatic
conditions, if traditional glazing solutions with external shading
deemed to be inadequate. This means, for example, that it should
be possible to change the system’s mode of operation between
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winter and summer. In addition, it has been observed that heat
recovery will lower the overall yearly benefits of having the air
inlet through the cavity, and may even, at certain times of the year,
increase the energy demand compared to solutions without any
air inlet [14]. The reason for this is the high-efficiency of the heat
recovery. The heat recovery unit could cover the heating energy
demand even if the outdoor air is not first passed through the
cavity in, for example, the month of April. “In this case, the intake
air should have been bypassed the cavity, since maintaining the
thermal buffer is most energy efficient in this case” [14]. DSFs
connected to ground-coupled heat exchangers have also been
evaluated [18] and their benefits in winter conditions have been
clarified. However, based on the literature survey, it appears that
earth-to-air heat exchange units have very rarely been connected
to DSF.

Typically, DSF constructions have been categorized into four
groups: Box Window facades, Shaft-box facades, Corridor facades
and Multi-story facades [19,20]. Of these, high multi-story facades
with one cavity covering the whole facade from the bottom to the
top of the buildings have been the typical solution in Sweden and
Finland [21]. Typically, openings have been closed during the
winter for extra insulation and opened during the summer for
heat extraction. Another common solution is the use of shading
devices, usually venetian blinds, placed inside the cavity [21].
According to the introduced design strategies [22,23], previous
design solutions do not seem to have been fully optimized. The
work of [24] also underlines how few full-scale measurement
studies have been made in real buildings [25-27]. The study pre-
sented here aims to make up for this by presenting full-scale
measurement and simulation studies from the unique perspective
offered by Nordic climatic conditions. The particular contribution
this study makes to the subject is that our double facade has been
constructed in a different way than is common practice in Finland
and Sweden. Furthermore, the location offers results from a
northern, heating oriented climate, whereas most of the buildings
studied in the literature are situated in a more cooling-oriented
climate. Another special feature is that it is a one-storey house to
which glazing has been added to protect the old facade, and whose
cavity space is connected to the detailed, mechanically-controlled
ventilation system, which allows various control setpoints to be
used at different times of the year. Also, the uniform cavity space
around three out of four of the building’s facades includes a cavity
air circulation unit, as well as a separate cooling option with a
mechanical air supply through the ground ducts, a mechanical
exhaust from the south-side cavity, and two openable windows in
the south facade, all of which makes this solution almost unique.
Using several technical measures at the same time, including two
mechanical ventilation systems, a ground duct system, and

External obstructions

Argon filled
double glazing

N A

opening and closing windows, is rarely found in real buildings.
This provides us with a unique opportunity to learn more about
the performance of these types of solutions and how they work in
combination. Both the extensive renovation work, and the com-
prehensive installation of measurement sensors gave rise to the
opportunity to validate our simulations with measurements from
the real conditions. It has thus been possible to explore how the
performance of the renovation solutions can be optimized by
performing calculations for several alternatives. In this study, a
very detailed model was implemented. The fact that both passive
measures, such as preheating of the ventilation air and opening
and closing the windows, and more active measures, such as the
mechanical ventilation system are applied is also interesting from
the sustainability perspective.

3. Research materials and methods
3.1. The studied building

3.1.1. Description of the building

The brick building with 1%2-stone walls was erected in the
1930's. In 2010-2011 the building was renovated by adding glazing
at a distance of roughly 0.75 m from the south, east and west fa-
cades of the building (Fig. 1). The vertical glazing added to the
brick facade is single 8 mm clear glass and the horizontal glazing
added on top of the cavity is clear argon-filled double glazing. The
front of the building has a south-east orientation (30° east of
south). The building is heated with radiators by a hydronic heating
system and it is ventilated by two independently working venti-
lation systems; 5701 for the building and 5702 for the cavity
(Fig. 2).

3.1.2. Description of the building ventilation system

A mechanical air supply and exhaust ventilation system was
installed in the building during the renovation. The ventilation
unit; a Systemair VR 700 DC, located in the attic, included filters, a
rotary heat exchanger, a heating coil and fans. The ventilation
system was designed by consultants to the building owner before
the research study started. The operating modes and set points
that were defined by the designers have been used in this study, to
allow evaluation of the existing system, as well.

The intention is that when the supply air needs heating, the
outdoor air is passed through the cavity before it is supplied to the
ventilation unit (Fig. 2). During non-heating periods the outdoor
air is supplied directly to the ventilation unit from outside. The
different modes have been defined in the system as shown in
Fig. 2. When the temperature of the sensors located on the south

Fig. 1. The outside view of the south and east facade (left photo) and north and west facade (right photo).
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Fig. 2. The four principle operating modes for the two ventilation systems 5701 (supplying the building) and 5702 (supplying the cavity).

facade of the cavity (GT31 and GT32) both exceed 20 °C, the out-
door air is taken directly from the air intake on the north fagade.
When these temperatures drop below 18 °C, the outdoor air is
once again passed through the cavity. The temperatures in the
cavity may also rise above 20 °C during wintertime. The reason for
preventing the air from passing through the cavity at 20 °C is
probably because this is an adequate air-supply temperature. If the
outdoor air is heated to higher temperatures in the cavity, the air
movement inside the rooms may suffer as the air will tend to stay
close to the ceiling and not mix with the rest of the air in the room,
meaning that any pollutants cannot easily be removed from the
rooms.

In the mode of air supply through the cavity, the outdoor air
enters the cavity through leakage air gaps on the east, south and
west facade. These are horizontal gaps located between the added
glazing and the ground and vertical gaps between the brick wall
and the glazing. These gaps could have been sealed but are not, as

the outdoor air is intended to pass through them. The gaps vary
from a few millimeters up to 10 millimeters, so a mean distance of
6.5 mm was set for the simulations. The air is then transported
from the cavity via two air intakes on the south brick wall (marked
“Air supply to ventilation unit” in Fig. 3) to ducts in the attic
connecting to the ventilation unit. The supply air is then supplied
through insulated ducts to each room. The system is also shown in
Figs. 4 and 5.

3.1.3. Description of the cavity ventilation system

The other ventilation system, numbered 5702, is installed for
the cavity. This works independently from the main ventilation
system. This system also has different modes for heating and
cooling purposes (Fig. 2). During heating periods, the aim has been
to attain as high heating of the cavities as possible by using a fan
(5702-FF1) to move the air from the south cavity to the east and
west cavities whenever the south one has a higher temperature.
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Fig. 4. Schematic drawing of the measurement arrangements.

There are no partitions between the different cavities, which mean
that the air can be exchanged directly between the different sides,
as well.

During cooling periods (summertime) a fan (5702-TF1) located
at the beginning of the vertical concrete duct (Fig. 3) starts to cool
down the cavity whenever the mean temperature in the upper
part of any of the cavities is above 20 °C by passing outdoor air
through a ground duct system and supplying it to the cavity. The
fan stops when the temperature drops below 18 °C. The air supply
passes through the cavity and leaves either through an exhaust fan
(5702-FF2) or through the two cavity windows at the top of the
south facade (this air is not supplied to the building). The windows
(Fig. 3) open when the outdoor temperature sensor located at the
start of the concrete duct is above 23 °C, and close again when the

temperature drops below 20 °C. The outdoor air used in the
building during the cavity cooling mode is supplied to the building
from the north facade (Fig. 1). (Article V).

Outdoor air is supplied to the ground duct via a large concrete
pipe with an outside diameter of 1.2 m (Fig. 3) and a height of
1.5 m above the ground. The underground ducts are 400 mm in
diameter and the distance from the concrete pipe to the bottom of
the glazed space is 7 m. There are 4 air inlets of 100 mm diameter
in each of the east, west and south sides of the cavity (a total of 12
inlets) at the bottom of the cavities. The two cavity windows are
both about 0.5-0.7 m? in size.

It is worth emphasizing that the air that is cooled down in the
ground does not enter to the building but only passed through the
cavity. Otherwise the increased relative humidity of the air could
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Fig. 5. lllustration of the simulated building.

possess a risk in terms of moisture for indoor air quality reasons
[28]. When the fans TF1 and FF2 are not working (during win-
tertime), a very low natural air flow may, however, occur in the
ground ducts and mix inside the cavity with the outdoor air flow
passing through the leakage gaps to the cavity. This has been taken
into account in the IDA-ICE model. However, the higher pressure
drop in these 7 m long ducts compared to the 8 mm air gaps in the
cavity implies that this air flow will be small when the fans are not
working. This is captured in the simulations, as 98-100% of the air
flow comes through the air gaps and only 0-2% through the
ground ducts during wintertime. The ratio is reversed for the
cooling case when the fan in the ground duct is working.

3.2. Measurement arrangement

The building has been equipped with a measurement system
(Fig. 4). Sensors for temperature, relative humidity, air flow and
other parameters have been installed at various points in the
building, in the cavity, in the ventilation unit, and in the ventila-
tion ducts. Inside the cavity, the temperature is measured at
4 different points on the south facade, 4 points on the east facade
and 5 points on the west facade. These sensors have been attached
to the brick wall and shielded with aluminum foil. 10 temperature
measurement points are installed for the main ventilation system,
and the cavity system has a total of 15 temperature points. The
two sensors used for calibration of the simulation model are 5701-
GT31 and GT32. The main purpose of the monitoring is to evaluate
and control the operation of the building’s HVAC system. The ac-
curacy of the sensors (PT1000) were T= + 0.3 °C and RH= + 3%

RH at 0 °C.

All the sensors are connected to a Programmable Logic Con-
troller (PLC) located in the HVAC room in the attic. This is also
connected to the city of Malmo's overall monitoring system for all
public buildings. The temperature values are stored for each time
step (the selected time step is considered to be 1 min). The
monitoring period which has been analyzed covers 15 months,
from the 28th of October 2013 to the 10th of February 2015. The
main focus of the analysis is on the 10 months between the 7th of
April 2014 and the 10th of February 2015. The building was un-
occupied during the whole measurement period except for one
week in August 2014 (from 15th to 23th of August). Human be-
havior has not, therefore, influenced the building’s indoor climate
or its energy balance. It should be noted that the ventilation units
have been shut down each night.

3.3. Dynamic energy simulations with IDA Indoor Climate and En-
ergy (IDA-ICE) software

The energy analysis of the glazed spaces is a special calculation
case, for which purpose no commercial energy simulation soft-
ware has been specifically designed. Thus, it was important to
validate and calibrate the used simulation software before using it
to draw conclusions about the building design. The most im-
portant parameters for a dynamic simulation of a glazed space are
a precise geometrical description of the building, hourly-based
weather logs, detailed solar radiation processing and the models of
the windows. The solar radiation model should take into account
direct and diffuse radiation separately, and handle solar radiation
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distribution into the space, the adjoining building and the window
structures. Surface resistances must be calculated using tempera-
ture-dependent variables with regard to the long-wave sky ra-
diation [29]. The IDA-ICE software used (version 4.6.2) in-
corporates those features [30] and has proved itself reliable in
many validation studies [31-41].

Challenges in performing the IDA-ICE modeling in this study
occurred when it was found that the current software package did
not include the possibility to connect an adjacent zone to the
ventilation unit (air supply from the cavity) nor any model to
handle the existing ground duct system. This meant that the air
supply through the cavity was simulated by placing an extra ex-
haust ventilation unit inside the cavity space and connecting it to
the attic ventilation unit. The ground duct system, in turn, was
modeled as nine small underground zones connected to each
other. By doing this, the real impact of the ground duct system
could be treated to some degree. A detailed window structure
(Detwind) and a simplified zone model (Energy) were used in the
simulation.

The energy simulations were made in three steps. In the first
step, a detailed model was created including modeling of the
shading from nearby trees. Secondly, the detailed model was va-
lidated by comparing the results from the simulations with the
field measurements. Thirdly, 63 calculation cases from the whole-
year weather log (year 2014) were performed, and the impact of
different glazings and ventilation modes on the building’s energy
demand and the summertime indoor temperatures were analyzed.

3.3.1. Model description

The building used for this study is a two-storey student house
with four flats on the first floor, where there also is a communal
kitchen and a storage facility (Fig. 5). The floor area of the building
is 251 m? (V=565 m?>) and the flats vary in size from 16.7 m? to
27.9 m?. The floor area of the cavity space is 28 m? and the air
volume is 107 m> (glazing to floor area is ~1.8). For the added
vertical single glazing, a U-value of 5.8 W/m?K (g=0.82) is given,

Table 1
Simulation model key input parameters.

and the horizontal double glazing has a U-value of 2.6 W/m?K
(g=0.62). The red brick wall’'s U-value is estimated to be
U=1.35W/m?K and its solar absorptivity a=0.75. Additional in-
formation about the building, the measurement arrangements and
the monitoring results can be found in the following publications
[8,42,43].

For the yearly energy simulations (not the validation simula-
tions) user-related energy figures such as the number of occu-
pants, lifestyle habits and the use of lighting and electrical device
have been standardized after the calibration by using the Finnish
standardized reference values [44]. As a result, the energy used by
the building's lighting, the operation of the fans and electrical
equipment (radio, television, etc.) are similar for all simulation
cases. Also, the consumption of tap water (6001/m?) and the
number of tenants (0.0357 no./m?), as well as the inhabitant’s
behavior are the same in all the different cases. In contrast, the
case-specific parameters are represented by the amount of energy
delivered to the hot water radiators and the energy demand for
the ventilation air and for the electricity needed to operate the
rotary heat exchanger. The building’s air leakage coefficient was
assumed to be 1 air changes per hour (ACH) at a 50 Pa pressure
difference. More detailed information about the building, its
characteristics and the simulation software's main input para-
meters are described in Fig. 5 and Table 1.

As only the outdoor air temperature and the relative humidity
was measured on site the solar data files used in the simulations
were assembled through the use of services provided by the
Swedish Metrological and Hydrological Institute (SMHI). The time
period used in the annual simulations is the year of 2014; from 1st
of January 2014 to 31st of December 2014 with hourly values.
Through the service of MetObs [45], data on the air temperature,
relative humidity, wind direction and wind speed were acquired
for Sturup (Malmé Airport). From the same service, data on pre-
cipitation and global radiation were acquired for Malmé and Lund,
respectively. The direct solar radiation has been calculated through
SMHI’s service Strang [46-48]. Diffuse solar radiation has been

Location (climate condition)
Orientation

Wind profile

External obstruction

Building size

Size of the cavity space

Air temperature inside flat
Equipment

Number of occupants

Building ventilation type (air change rate)
Supply air to ventilation unit
Building windows properties

Cavity glazing (vertical)

Cavity glazing (horizontal = ceiling)
Air gaps of the glazing structure

SE (30° from South)
City center

A=251 m? and V=565 m>

Malmo (55.59056 N, 12.99145 E), Sweden

Some trees and buildings (see Fig. 1)

A=28 m?, V=107 m® and mean depth 0,75 m

21 °C (system set point i.e. mainly during heating season)

Lighting 11 W/m? and equipment 4 W/m? (in the first floor)

0.0357 no./m? (totally 4.7 people), activity level 1.2 and clothing 0.85 (in the first floor)

Mechanical supply and exhaust ventilation with 82% heat recovery (0.5 ACH)

From the cavity or directly from outside (See Figs. 1 and 3)

U=11W/m?K, g=0.62, internal venetian blinds (8shading + window=0.2)

Single clear glass, 8 mm, U=5,8 W/m?K, g=0.82

Argon-filled double glazing, U=2.6 W/m?K, g=0.73

Air gaps between glazing frames and basement as well as between vertical frame structures and brick wall; mean

distance 6.5 mm. Correspond to 1,6 air change per hour (ACH) in average (fluctuation 1,3-2,5 ACH)

Building air leakage coefficient (at 50 Pa pressure 1 ACH
difference)

Heating system and heat delivery

Control curve position of the heating system

Summer shut-off; heating system No summer shut-off

Heat gain to zones from the heat distribution 5%
system losses

Properties of the brick wall

Absorptivity and emissivity of the brick wall
surface

Summer cooling air flow through cavity

Blinds of the added glazing structures

Used weather file

No blinds in the basic case

subsection.

District heating connected to hydronic heating system with radiators (60/40 system)
According to current settings in the building [42]

Density=2300 kg/m>, Lambda=0.7 W/(m*K), Specific heat=1050 J/(kg*K)
Emissivity=0.9, Absorptivity=0.75

150 1/s, both supply air via ground duct (TF1) and exhaust air via roof fan FF2

Available climate information about the Malmo/Lund from the year 2014. Assembling method is described in this
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Table 2
Monthly mean values of the used 2014 weather file.

253

Dry-bulb temperature

Relative humidity of Direction of wind Speed of meteorological

Direct normal radia-  Diffuse radiation on hor-

[°C] air [%] [°] wind [m/s] tion [W/m?] izontal surface [W/m?|

Jan 0.8 88.8 148.9 6.5 5.0 110
Feb 31 91.1 172.0 4.8 425 329
Mar 5.2 824 202.0 47 120.0 53.0
Apr 83 73.2 162.4 4.5 159.7 83.8
May 11.8 78.2 197.2 3.7 185.3 114.9
Jun 14.7 75.6 208.2 33 2125 116.5
Jul 19.6 72.5 156.4 3.6 281.2 873
Aug 16.2 78.1 2033 4.1 153.8 93.5
Sep 14.2 83.8 156.6 3.8 150.4 68.3
Oct 115 90.6 150.2 4.0 48.0 30.8
Nov 74 90.4 126.0 4.4 179 14.4
Dec 2.6 90.3 210.0 49 15.8 9.6
Yearly average 9.6 82.9 174.6 44 116.4 59.8

calculated using the following formula:
Edif = EglofEditnorm. ) Sin(asol)

where

Egig=the diffuse solar radiation [W/m?],

Ego=the global radiation [W/m?],

Edirnorm. =the direct normal solar radiation [W/m?],

and aso=the solar elevation [degrees].

The solar elevation was calculated with [49], based on the la-
titude, longitude and the elevation of the simulated location.
Missing data have been interpolated. The monthly mean values of
the 2014 weather log are shown in Table 2.

Before the simulation, the outdoor temperature data measured
on site was compared with the files produced through the above-
described technique to ensure that the produced weather file was
truly representative of the site conditions. A time zone correction,
due to daylight saving time (DST), was also made, moving all data
one hour forward in the produced weather file to allow direct
comparison with the actual temperature.

3.3.2. Model validation

The purpose of the validation was to ensure that the IDA-ICE
model behaved in a qualitatively realistic way (“good enough”)
compared with the actual building. This meant that the objective
was not to make a parameter fitting of the model to replicate the
results exactly.

The model validation was made by comparing the measured air
temperature of the top gable on the south fagcade (two measure-
ment point average) with the simulated temperatures during one
week in winter (24/12-31/12 2014), one in summer (24/7-31/7
2014) and one in spring (15/4-20/4 2014). The temperatures in the

cavity were used as the cavity was the most interesting part of the
building and the most difficult one to model. The purpose of the
winter week validation (Fig. 6) was to adjust the heating mode
correctly and the purpose of the summer week simulation (Fig. 7)
was to verify the operation of the cooling mode. The spring week
simulation (Fig. 8) demonstrated the overall behavior of the
model, because the cavity control mode changed many times from
winter mode (air supply through the cavity) to cooling mode
during that period. During the winter week the cavity temperature
was below 20 °C, which meant that ventilation air passed through
the cavity before coming into the ventilation unit. During the
summer week the outdoor air temperature was consistently over
23 °C. This meant that the cavity windows were open and the
cavity cooling unit (ground duct system and cavity exhaust ven-
tilation unit) were working. The period which best fulfilled the
criteria for “cavity mix use” was in the spring. During this period,
the cavity temperature ranged from 5 °C to 33 °C and the cavity
control mode frequently changed between cavity cooling and
ventilation air supply through the cavity to the ventilation unit.

The temperature sensors were covered with aluminum foil (to
prevent exposure to direct sunlight) and were placed close to, but
not in direct contact with, the brick wall. The temperature sensor
itself (PT1000) was mounted in a plastic shell. It was therefore
assumed that the measured temperature was a certain weighted
average of the temperatures of the: cavity air, the external surface
of the brick wall inside the cavity and the internal surface of the
glazing. The weighting depended mostly on the air speed and the
solar radiation in the cavity. Thus, the main problem was to de-
termine which of the simulated temperatures were closest to the
measured “cavity” temperature.

Figs. 6-8 show the measured temperature, the temperature of

Temperature [°C]

24th 00
24th 05
24th 10
24th 15
24th 20
25th 01
25th 06
25th 11
25th 16
25th 21
26th 02
26th 12
26th 17
26th 22
27th 03
27th 08

Measured air temperature near the brick wall
eeeeee Simulated surface temperature of added glazing (cavity side)

28th 04
28th 09
28th 14
28th 19
29th 00
29th 05
29th 15
29th 20
30th 01
30th 06
30th 11
30th 16
30th 21
31th 02
31th 07
31th 12
31th 17
31th 22

Simulated cavity air temperature
Simulated surface temperature of brick wall (cavity side)

Fig. 6. Winter validation week between 24th and 31st of December 2014.
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24th 00
24th 05
24th 10
24th 15
24th 20
25th 11 +
25th 16
25th 21
26th 02
26th 07
26th12 T
26th 17
26th 22
27th03
27th 08
27th 13
27th 18

Measured air temperature near the brick wall
eeeeee Simulated surface temperature of added glazing (cavity side)

28th 04
28th 09
28th 14
28th 19
29th00 T
29th 10
29th 15
30th 01
30th 11 +
30th 16
30th 21
31th12 T
31th 17
31th 22

Time [h]

Simulated cavity air temperature
Simulated surface temperature of brick wall (cavity side)

Fig. 7. Summer validation week between 24th and 31st of July 2014.

the cavity air, the brick wall (two point average) and the tem-
perature of the internal surface glazing. The figures indicate that
the measured temperatures were indeed a mix of the brick wall
and air temperatures. The sun would still heat the aluminum foil,
but the assumption was that the solar impact was reduced by the
foil. The best fit for the spring and summer situations were with
the measured cavity temperature and the simulated outer surface
temperature of the brick wall, which indicates a low air speed
behind the aluminum foil (Figs. 7 and 8). It should be noted that
the simulated external surface temperature of the brick wall takes
into account both the direct and the diffuse sunlight reaching its
surface. The aluminum foil did, however, provide shade from di-
rect sunlight. This might be the reason that the simulated outer
surface temperatures, in the summer, are higher than the mea-
sured temperatures (Fig. 7).

The measured and simulated temperatures in Fig. 8 indicate
that the model was good enough to be used in further studies.
Given that there are many local phenomena not included in the
model, including, for instance, the thermal behavior of the tem-
perature sensors, the results were surprisingly good. It might be
possible, but not really worthwhile, to try to get a better fit by
making a detailed model of the mounting of the sensors together
with the solar shading of the aluminum foil. However, as stated
above, it was not the goal of this study to make a perfect para-
meter fit for this particular house. The goal was to create a rea-
sonable model that managed to capture the qualitative behavior of
the house.

3.3.3. Simulation studies

After the validation, 63 calculation cases using the whole-year
weather file (2014) were conducted, and the impact of different
glazing and ventilation modes on the building’s energy demand
and summertime indoor temperatures were analyzed (the simu-
lation model is shown in Fig. 9). The purpose of these investiga-
tions was to evaluate how effective the chosen renovation method
was regarding energy use and thermal comfort, as well as to

45 -
41 A

Temperature [°C]

investigate other possible renovation choices with the IDA-ICE
model. The heating energy-saving studies (winter mode) included
different amounts of glazing, i.e. glazing one, two or three of the
facades, various facade solutions (single, double and triple glazing)
and two air inlet modes (through the cavity space or directly from
outside). The summer-conditions (cooling mode) studies included
evaluations of the cavity window ventilation, the mechanical ex-
haust ventilation (FF2) and the ground duct system (TF1) as well
as the internal and external blinds of the cavity glazing.

The cavity-cooling calculation cases were mainly chosen from
alternatives that could feasibly be applied to real buildings. The
controls of the systems also followed the actual designed set
points set by the building owner. These were kept unchanged
throughout the study to enable evaluation of the real building as
well. The only exceptions to this principle were blinds placed in
front or back of the added glazing to cover the whole glazed facade
all the time (always down during 365 days a year) and variations
in the depths of the ground ducts. The simulation analysis used
standardized living habits of the tenants, this being the only dif-
ference between the calibration and simulation analyses.

4. Results and discussion

This section presents the results of this study, whose purpose
was to identify the key factors affecting the ability of current en-
ergy-saving measures to reduce the energy demand of the studied
building in Nordic climatic conditions. The results will help the
readers to identify the possible variables in relation to possibilities
to reduce the building energy demand with added glazing and to
cool the cavity during summer.

4.1. Energy saving studies

4.1.1. General
The table presents the cases from the simulation study. Cases

15th 00
15th 04
15th 08
15th12 T
15th 16
15th 20
16th 08
16th12 T
16th 16
16th 20
17th00 T
17th 04
17th 08
17th12 T

Measured air temperature near the brick wall
eeeeee Simulated surface temperature of added glazing (cavity side)

18th 00 T
18th 08
18th12 T
18th 16
18th 20
19th 08
19th12 T
19th 16
19th 20
20th 04
20th 08
20th 20

Simulated cavity air temperature
Simulated surface temperature of brick wall (cavity side)

Fig. 8. Spring validation week between 15th and 20th of April 2014.
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Fig. 9. This animated view of the simulation model on 3rd of August 2014 at 14 o'clock shows the very high temperatures inside the southern part of the cavity space.

1-16 were made with heat recovery and a heating coil while cases
17-23 were made without them. The descriptions of the studied
cases are shown in columns two to seven. Columns 8-13 show the
calculation results; the yearly energy demand for heating and
ventilating the space and the percentage energy saving compared
to the situation without any added glazing (Case 1) as well as the
results of the temperature measurements for the flat and the
cavity temperatures, in that order. The temperature information
includes the operative and mean air temperatures of Flat 1, as well
as the mean air temperatures of the cavity and the temperature
difference between the cavity and the outside (the average outside
temperature for 2014 was 9.6 °C). The installed summer cooling
possibilities in the real building, i.e. the ground duct or exhaust
fan, are not working in cases 1-23 in Table 3. The temperatures
attained during July, therefore, represent a case where the real
building would not been equipped with any cooling facilities.

4.1.2. Evaluation of the different energy-saving measures

4.1.2.1. The number of glazed facades. With the help of calculation
cases 2, 3 and 4, the effect of the number of glazed facades on the
achievable energy savings is estimated. Case 2 represents the
building with glazing added to the south facade, case 3 the
building with glazing added to both the south and east facades,
and case 4 the building with glazing added to the south, west and
east facades. The results showed that the mean yearly tempera-
tures of the cavity space were highest when only the south side
was glazed (6.4 °C in case 2) and lowest when three of the building
facades were glazed (5.7 °C in case 4). In its entirety, the cavity
mean temperature was from 5.2 °C to 11.4 °C higher than outside
on average in the cases 2-23 (Table 3). The number of glazed fa-
cades was directly associated with the achieved savings and in-
creased directly as the number of glazed facades was increased.
The reduced heat loss was directly proportional to the properties
of the buffer zone. For example, the energy saving was 5.6% with
one (south) glazed facade and 10.4% with the three (south, west
and east) glazed facades. It seems also that the amount of glazing
and the temperatures during the summer months were related.
Adding glazing to the southern side of the building increased the
indoor operative temperature in Flat 1 from 25.7 °C (case 1) to
26.7 °C (case 2). Then, the temperature rose by a further 0.1 °C
when the eastern facade glazing was added (26.8 °C in case 3) and
by a further 0.1 °C after the western facade glazing was added
(26.9 °C in case 4).

4.1.2.2. Effect of the glazing U-value. Because of their effect on the
temperature in the buffer zone, the U-value of the glazing and the
depth of the cavity space were also important factors to study in

relation to the achieved energy-savings. Of these, the U-value of the
glazing had a clear impact on the building’s energy demand. For
example, by equipping the facade wall and roof structures with low
energy solar protection glass (U=0.7 W/m? K and g=0.24) an 18.7%
energy-saving was achieved, while with argon-filled triple glazing
(U=17W/m?K and g=063) a 221% energy-saving could be
achieved. The results also showed that the difference between dou-
ble glazing (U=2.6 W/m?K) and low energy solar protection glass
(U=0.7 W/m? K) was not great because the solar energy transmis-
sion of double glazing and triple glazing with solar protection glass
were g=0.73 and g=0.24, respectively. This implies that there is a
point after which it is no longer worthwhile reducing the heat losses
from conduction, since the solar heat gain will also be reduced.

The thermal insulation level and the g-value of the glazing
structures was also directly linked with the cavity space tem-
peratures, and furthermore, the temperature of the flats. The
temperatures varied between 15.3 °C (case 4) and 21 °C (case 15)
in the cavity, and between 27.1 °C and 29.6 °C in Flat 1, respec-
tively. It was also notable that the highest temperatures for the
cavity space and Flat 1 in summertime were achieved with a so-
lution that produced the highest energy-saving effects of all the
calculation cases. The best solutions for facade glazing seem to be
ones with a low U-value and high g-value, such as argon-filled
triple glazing (U=1.7 W/m? K and g=0.63), which was the most
energy-saving option among the studied cases (energy-savings
22.1%). This design criterion was also found to be beneficial in
another study about glassed-in balconies [50].

4.1.2.3. Effect of the cavity depth. The benefit of increasing the
depth of the cavity space was not very clear. For example, the
achieved energy savings with single vertical glazing and double
horizontal glazing is lower with the 0.38 m cavity depth (8.5% in
case 5) than it is with a cavity depth of 0.75 m (10.4% in case 4) or
1.5 m (11.4% in case 6). The net heat gains for the cavity space and,
in turn, the amount of energy saved increased in direct proportion
to the depth of the cavity. This meant that the solar heat gain grew
faster than the space’s thermal losses when the depth of the cavity,
and thus the glazing area towards the sky, increased. However, the
effect was different with low energy solar protection glazing
(U=0.7W/m? K and g=0.24). Added glazing with 0.38 m cavity
depth meant 13,444 kWh energy demand, 0.75 m cavity depth
meant a 13,313 kWh energy demand, and the 1.5 m cavity depth
meant a 13,400 kWh energy demand. So, the highest energy de-
mand was with 0.38 m cavity depth and the lowest was with the
0.75 m cavity depth, which indicates that the optimum cavity
depth with this type of facade glazing is between 0.38 m and
1.5 m, rather than at either of the extreme values.
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4.1.2.4. Ventilation air supply through the cavity

4.1.2.4.1. First: heat recovery and heating coil in use. The results
showed that the air-supply intake from the cavity space was not
always clearly beneficial from an energy point of view. For ex-
ample, the difference between the energy demand in case 4
(14,672 kWh) and case 7 (14,686 kWh) was 14 kWh with three
single-glazed facade. The difference is slightly smaller in the case
with double glazing (9 kWh difference between cases 9 and 10)
but higher with low energy solar protection glass (116 kWh be-
tween cases 11 and 14). It seems that the heat recovery efficiency
of 82% was so high that there were only short periods during
midwinter when the cavity space’s “extra pre-heating capacity”
was needed. In contrast, the clear triple-glazing with a somewhat
higher g-value (g=0.63) gave opposite results (—38 kWh between
cases 15 and 16), which meant increased energy savings. Because
no clear pattern can be identified on how to operate the ventila-
tion system in the most optimal way, it suggests a topic for further
research. The results do, however, indicate that the combination of
the U-value, the g-value and the ventilation solution should be
carefully examined by simulations during the design stage.

4.1.2.4.2. Second: heat recovery and heating coil out of use. After
the analysis with the heat recovery in operation, simulations
(Cases 17-23) were made without the heat recovery and heating
coil in use (Table 3). Case 17 represents the new starting point, in
which added single-glazing (cases 18 and 19), double-glazing
(cases 20 and 21) and triple-glazing (cases 22 and 23) were
compared. Low energy solar protection glazing was excluded from
the study because its results were so similar to those of the double
glazing in previous calculations (of the Case 9 and 11 results).

The Case 17 simulation results showed that if the heat recovery
and heating coil were shut down the energy demand was in-
creased by 4171 kWh, from 16,384 kWh (Case 1) to 20,558 kWh
(Case 17), which accounted for a 20% change in the building’s
energy demand. After that, it was possible to achieve a 3916 kWh
decrease in energy use (from 20,558 kWh to 16,642 kWh) with
added glazing on three facades of the building, and a further re-
duction of 1278 kWh in demand was achieved (from 16,642 kWh
to 15,364 kWh) by passing the outdoor air through the cavity. The
energy demand reduction with single (—859 kWh), double
(—1185 kWh) and triple (—1278 kWh) glazing clearly shows the
benefit of letting the outdoor air pass through the cavity in a
building with mechanical exhaust ventilation. The results also
show that the benefit is greater, the larger the temperature dif-
ference between the cavity space and the outside air.

4.1.2.4.3. Third: the effect of varying the air intake volumes of
cavity air. The results showed that with the current set points for
the ventilation unit operation and with clear single-glazing, the
supply through the cavity is not very beneficial with regard to the
building's energy demand. In contrast to the expected energy
saving, the energy demand actually increased slightly, in, as pre-
vious mentioned, for example, Cases 4 and 7 (14 kWh). However,
such a difference in energy demand is so small that it is not pos-
sible to make more generalized conclusion of it. Secondly, the
analysis showed that if 50% of the outdoor air is passed through
the cavity when the temperature is below 20 °C, the impact on the
supply air in the cavity was neutral (in Cases 4 and 8 the energy
demand is the same). This shows that in order to optimize the use
of the cavity in the case of heat recovery, a more detailed analysis
with various air volumes and control set points would have to be
conducted.

4.2. Cavity cooling studies
4.2.1. General

The results of the energy saving studies showed that the mean
and operative temperatures rised indoors during July in the

majority of cases (Table 3). For example, the single glazing added
to the buildings three facades (case 4) raised the monthly mean
operative temperature 1.2 °C, double glazing (case 9) 3.0 °C, and
triple clear glazing (case 15) 3.8 °C in relation to the case without
added glazing (case 1). Furthermore, the Table 3 shows that if
none of the cooling measures applied in the real building are used
(case 7 which is case 24 in Table 4) an operative temperature of
26.9 °C in July (1.2 °C warmer than case 1) are produced. Different
cavity cooling solutions established in the real building are
therefore studied in detail together with other added sun-pro-
tection options in this section.

Cases 24-46 represent the options that can be implemented in
the real building without additional construction (e.g. increased
air change rate) or with only minor changes (increasing the
number of openable windows). Cases 47-63 represent additional
options that improve the indoor climatic conditions but are not
installed in the real building, i.e. venetian blinds integrated to the
inside or outside of the added glazing. As a whole, the efficiency of
the cavity space cooling is studied with two openable windows, a
mechanical exhaust ventilation system (FF2) and the ground duct
system (TF1). The starting point of the study was the existing
building with real window sizes and air flows, but then three
times as high openable window areas and air change volumes
(4501/s) were examined. From the calculations, the mean tem-
perature for July and the yearly maximum temperatures for the
cavity spaces respectively for Flat 1, together with the mean op-
erative temperature for July and the yearly maximum operative
temperature for the flat are shown in Table 4. The cavity space air
temperature shown is the temperature in the middle of the south
facade’s top gable.

Fig. 10 shows that the overall situation has changed after re-
novation (changes from Case 1). The minimum and mean tem-
peratures of Cases 24-46 are somewhat higher and the maximum
temperature is mostly higher (17/23) than in Case 1. Also the
temperature fluctuation has increased somewhat. In Case 1, the
temperature fluctuated mostly between 21 °C and 23 °C and the
temperature largely remained between 21 °C and 24 °C in most of
the cases between 24 and 46. The analysis also showed that the
use of integrated blinds (cases 47-54 and cases 57-60) con-
siderably decreased the indoor temperatures inside the flat. This is
reflected in a significant change in both the maximum tempera-
tures and the temperature fluctuation (the grey area is small). It is
also shown that the minimum temperatures were lowered, but
this is caused by the continuous use of blinds throughout the year.
It would be possible to eliminate this effect by using suitably ad-
justable venetian blinds.

The excess heat in summer was also studied and expressed in
terms of degree hours (Fig. 11). These were obtained by summing
up the positive temperature difference between the calculated
temperatures and a reference temperature of 23 °C during the
hours of the year. The temperature limit of 23 °C was selected as
the reference value as this most clearly illustrates the difference
between the worst (Case 24) and the best (Case 54) cases. Fig. 11
clearly shows the cases, which slightly (e.g. Case 33) or dramati-
cally improve the indoor thermal comfort in contrast to the si-
tuation before renovation (Case 1). Fig. 11 also show that the
thermal comfort was worse in the actual solution in Malmoé (Case
46) than in the pre-renovation situation (Case 1), i.e. if the air
change rate of the ground duct system and/or cavity exhaust unit
is not increased from the design values.

By using the graphs in Figs. 10 and 11 it is possible to rank the
cooling solutions from the most to the least effective with max-
imum temperatures, even though the magnitude of the over-
heating problems cannot be evaluated without further analysis
with degree hours. Fig. 10 also shows that the changes in the mean
temperatures are so slight that they cannot be used as a basis for
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Table 4
Efficiency of the different cooling options.

Case Outdoor Cavity cooling solution Added blinds Cavity, mean Cavity, max. Flat one, Flat one, max. Flat one, Flat one, max.
air air tempera-  air tempera- mean air air tempera- mean opera- operative
through ~ Window Mechanical Ground Internal External ture (July) ture [°C] temperature  ture [°C] tive tempera- temperature
the cavity airing exhaust duct [°C] (July) [°C] ture (July) [°C]
when system [°C]
cavity
<20°C
Without added glazing (case 1) - - 25.8 29.0 257 28.8
24 - - - - - - 28.7 474 271 303 26.9 30.0
25 X - - - - - 28.7 474 271 30.3 26.9 30.0
260 - X - - - - 283 45.6 27.0 30.1 26.8 29.8
27 - x (*%) - - - - 27.8 449 26.8 29.8 26.7 29.5
28 x X - - - - 28.3 45.7 27.0 30.1 26.8 29.8
29 - - X - - - 27.6 45.1 26.6 29.7 264 294
30 - - x (%) - - - 26.0 41.8 259 289 25.7 28.6
31 X - X - - - 275 451 26.6 29.7 26.4 294
32 - - - X - - 276 46.0 26.5 29.5 26.3 29.2
33 - - - x (*) - - 249 40.1 25.7 28.5 25.5 282
34 x - - X - - 275 45.9 26.4 29.5 26.3 29.2
35 - X X - - - 273 44.0 26.6 29.6 26.4 29.3
36 - x (**) x (") - - - 25.8 414 26.0 289 25.8 28.6
37 x X X - - - 273 44.0 26.5 29.6 26.4 293
38 - - X X - - 26.6 433 26.3 294 26.2 29.1
39 - - x (") x (%) - - 245 384 25.8 28.6 25.6 283
40 X - X X - - 26.6 433 26.3 294 26.1 291
41 - X - X - - 271 43.8 26.4 29.4 26.2 29.1
42 - x (**) - x (%) - - 24.7 38.7 257 28.6 25.5 283
43 X X - X - - 271 43.8 264 294 26.2 291
44 - X X X - - 26.4 423 26.3 29.2 26.1 289
45 - x (**) x (%) x (%) - - 244 376 257 28.5 25.5 28.2
46 X X X X - - 264 423 26.3 29.2 26.1 289
47 - - - - X - 28.5 51.0 249 27.6 24.7 273
48 - - - - - X 22.7 32.6 232 25.2 229 24.9
49 X - - - X - 285 51.0 249 279 24.7 273
50 x - - - - X 22.7 326 231 252 229 249
51 x X X X X - 27.0 42.8 24.2 26.7 239 26.3
52 X X X X - X 211 28.8 222 24.0 221 23.7
53 x x (™) x (") x (*) X - 241 36.2 234 25.5 235 25.6
54 x x (*%) x (%) x (%) - X 20.3 26.8 222 239 219 23.6
55 - - - x (™) - - 274 45.8 26.4 29.5 26.2 29.1
56 x X X x () - - 26.2 421 26.2 29.2 26.0 289
57 - - x (%) - - X 21.8 30.3 229 24.8 22.6 24.5
58 - - x (%) - X - 25.2 40.7 24.0 26.4 238 26.1
59 - - - x (%) - X 209 28.1 22.7 245 224 242
60 - - - x (*) X - 243 39.6 239 26.1 23.7 259
61 - - - X - - 24.5 39.6 25.6 28.3 254 28.0
(rerne)

62 x X X X - - 243 385 25.6 284 254 281
)

63 X x (**) x (%) x (%) - - 243 376 25.7 28.5 25.5 28.2

(*) Air change rate tripled.

(**) Openable window area tripled.

(***) ground duct depth changed from 0,5 m to 3 m.

(******) ground duct depth changed from 0,5 m to 3 m and air change rate tripled.

drawing any wider conclusions about the overheating problems.
However, the boxplot graph (Fig. 10) and the degree hours graph
(Fig. 11) give a clear illustration of the annual temperature beha-
vior of Flat 1, and the duration of the excess temperatures (set-
point 23 °C in Fig. 11), in that order. The temperature criterion of
23 °C in Fig. 11 is very tight, but at the same time it is still two
degrees higher than the heating set point in Finnish building
regulations [44].

4.2.2. Comparison of the current cavity space cooling methods

The current cavity-cooling methods were: mechanical cooling
with air supply through the ground duct system, mechanical
cooling with mechanical exhaust unit, and opening the vents, i.e.
the windows, at the top of the south cavity. Although studied se-
parately, it should be mentioned that the ground duct system and
the exhaust fan are intended to work together in the real building,

supplying the same amount of air to the cavity and extracting it
from the cavity.

The results showed that the single most efficient cooling
measure was the ground duct system, even though the ground
duct was placed just 0.5 m below the ground level. The air tem-
perature difference between this case (Case 32) and the case
without ground duct cooling (Case 24) was 1.1 °C in the cavity and
0.6 °C in Flat 1. It was possible to achieve a similar mean tem-
perature as in Case 32 (27.9 °C) with the mechanical exhaust unit
(Case 29), but this system was not as efficient for the building as
was the ground duct system, because the operative temperature
difference between Cases 29 and 32 for Flat 1 was 0.1 °C. Com-
pared to the ground duct system and the mechanical exhaust fan,
the effect of the window airing with two 0.5-0.7 m? windows at
the top of the south cavity was quite modest, although the wind
pressure was included in the IDA-ICE calculation and the building
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Fig. 10. Boxplot graphs from Cases 24-63. The horizontal lines represent the minimum, median and maximum values (from bottom to top) of the current cases and the grey

areas represent the area hit by 50% of the values during the period.

was classified as being “semi exposed” for wind pressure. Never-
theless, the cavity space temperature dropped by only 0.4 °C, and
the temperature in Flat 1 by 0.1 °C with the help of window airing
(Case 26), compared to the situation without cooling (case 24).

4.2.2.1. Effect of increased window opening area and enhanced ven-
tilation rates. The effects of increasing the openable area of the
two windows from 0.5 to 0.7 m? to 1.5-2.1 m? (Case 27), increasing
the mechanical exhaust rate from 150 I/s to 450 /s (Case 30), and
increasing the mechanical air supply through the ground duct
system ventilation from 1501/s to 450 1/s (case 33) were slight
(0.5 °C), good (1.6 °C) and excellent (2.7 °C), in that order. As seen
in Table 4, the mean operative temperatures (Case 30) in Flat
1 were 25.7 °C (as in Case 1) and the number of degree hours was
somewhat higher than in Case 1 when enhanced ventilation rate
was used. It is worth noting that the mean air temperature level of
the cavity space (26 °C) was very close to the temperature level of
Flat 1 (difference 0.1 °C) in the current situation. The significance
of the cavity temperature level becomes clearer after the simula-
tion of the ground duct system case with enhanced ventilation
rate (Case 33). The mean temperature of the cavity space changed
from 27.6 °C (Case 32) to 24.9 °C (Case 33) after the ventilation rate
was increased, which is 0.6 °C below the room temperature of the
flat (25.5 °C) in the current case (case 33). As a result, the brick
wall heat losses increased and the mean operative temperature in
Flat 1 cooled down to below the baseline operative temperature
(difference 0.2 °C) for the first time in this study. Case 33 is also the
first case, in which the solution as a whole is better than Case 1
(Fig. 11) from the overheating point of view. The study reveals that
the ventilation rates should be increased in the building if the
intention is to improve the indoor climate situation.

7000 +
6500
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5500 +
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4500 +
4000 +
3500 +
3000 +
2500 +
2000 +
1500
1000
500 4
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4.2.2.2. The effect of the use of combined cooling methods. The most
efficient combination of the above-mentioned cooling options was
the ground duct system and mechanical exhaust ventilation with
enhanced power of 450 1/s (Case 39). The cavity space temperature
was 0.4 °C cooler and the temperature in Flat 1 was 0.1 °C warmer
than using the ground duct system with enhanced ventilation rate
alone (Case 33), i.e. the combination of mechanical exhaust and
ground duct system slightly improved the situation inside the
cavity. This confirms that it is possible to produce a similar or even
better indoor climate for the flats than existed in Case 1 with the
implemented solution, if the cavity supply and exhaust air vo-
lumes are tripled.

4.2.2.3. Supply air solutions. Table 4 showed that passing the out-
door air through the cavity during heating periods has no impact
on mean or maximum air temperatures in the cavity, or on the
indoor temperatures inside the building in the summer. This is due
to the fact that the system is switched off when the temperature
level of the cavity exceeds 20 °C and is started again when the
temperature falls below 18 °C. With such set values, the system
was off almost all the time during the hot summer days. When it
was on, it cooled down the cavity space by 0.1 °C on average
(Table 3) and 0.2 °C during the coolest time of year.

4.2.3. Effects of alternative cooling solutions and changed depth of
the ground duct

The analysis showed that the use of integrated blinds placed on
the front or back of the glazing to cover the whole glazed facade
(Cases 47-54 and Cases 57-60) considerably decreased the indoor
temperatures inside the flat. Table 4 and Fig. 11 showed that both
the internal (Case 47) and external (Case 48) blinds could achieve

case 1
case30 ——— — — — — 7
case 31
case 32
case33 [——
case 34
case 35
case36 —— 7
case 37
case 38

case39 [ — — — ]

case 24
case 25
case 26
case 27
case 28
case 29
case 40
case 41

cased2 [ — — — — ]

case 43
case 44

case 45 B

case 46

cased7 [—— ——
case 48 [

cased9 ————

case 50 [

case51 [— 7

case 52 [

casebl —————— ]
case62 [ — — — 1
case63 [ ————— 1

case53 [

case 54 1
case 55

case58 [ —

case 59 [

case 60 —— 7

case 57 [

case 56

Calculation cases 1 and 24 - 63

Fig. 11. Calculated degree-hours graphs from cases 24-63. Degree-hour values are calculated simply by summing up the differences between the real hourly temperatures
and the reference temperature from the moments the temperature is over the 23 °C reference temperature.
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better indoor temperature conditions than Cases 24-46. This is
due to the fact that the blinds shaded the building’s external wall
and windows very effectively. In particular, the external blind
seemed to have a decisive effect on the flat temperatures. With the
help of the blinds, the cavity space mean temperature was lowered
to 22.7 °C (—6.0°C) and the mean operative temperature in the
flat to 22.9 °C (—2.8 °C), which is in contrast to the cavity tem-
perature of Case 25, and the operative temperature of Flat 1 in
Case 24, respectively. It is worth noting that with interior blinds
(Case 47), the cavity space temperature drop is small in contrast to
the case without cooling (Case 24), i.e. internal blinds helps the
situation only slightly (—0.2°C) in the cavity space, but clearly
improve the mean operative temperature situation inside the
building (—1.0 °C as compared to the case without glazing). This
means that it is desirable to use external sun protection, especially
if the cavity space is intended to be used as a living area, such as a
terrace space, which would be possible with cavity depths over
1.5 m.

The cooling effect can be further improved by adding blinds to
the current system, and further enhanced with increased ventila-
tion rates, as was done in Cases 53-60. However, the further en-
hancement does not have anywhere near as much influence on the
air temperatures in the flat as the blinds themselves if applied as
always down. For example, with the external blinds alone (Case
48) it is possible to achieve a mean operative temperature inside
the flat of 22.9 °C (2.8 °C lower than in Case 1). By combining that
with all the other cooling methods like enhanced ventilation rate
and increased openable window area (case 54) it is possible to
achieve mean operative temperature inside the flat of 21.9 °C, i.e.
1.0 °C lower than in Case 48. Interestingly, with the external blinds
it is possible to achieve cavity mean temperatures of 20.3 °C (Case
54), 20.9 °C (Case 59) or 21.8 °C (Case 57) and to the overall tem-
perature level in the flat, where the degree hours are 94, 323 and
467 with a 23 °C reference temperature, respectively (Fig. 11). This
is a comfortable living temperature. The effects of other external
shading cases (Cases 48, 50 and 52) also stand out clearly on the
graph (Fig. 11).

Increasing the depth of the duct from 0.5 m (case 32) to 3.0 m
(case 55) decreased the cavity space temperature by 0.2 °C and the
mean operative temperature in Flat 1 by 0.1 °C. By increasing the
air volume passing through the deeper-set duct (case 61), the
cavity temperature fell by another 2.9 °C, which clearly indicates
that the air-change rate is a much more important factor than the
depth of the duct in this situation. However, it is important to
remember that the ground duct system was modeled as an un-
derground group of rectangular zones in a row. The different vo-
lumes were connected to each other and there was a constant
coupling to the ground temperature. Changes in the depth of the
pipe were only taken into account in the U-value calculation of the
ground layer between the pipe and the earth's surface (the bottom
and vertical sections’ U-values were constant). This rather simple
model treated the pipe as a number of volumes and did not model
the two- (or actually three-) dimensional problem of heat transfer
in the ground. As a result of this, the model development of the
ground duct system in IDA-ICE appears to be an ideal area for
follow-up research on this topic.

4.3. Error analysis

The aim of this study was not to duplicate the measured results
exactly, but to verify that the simulation model gave realistic re-
sults. It is nevertheless important to have an idea of the level of
accuracy in the results. The model itself is obviously a simplifica-
tion of reality. The zone model that was used was the default
model, which only has a simplified long-wave exchange model.
The window models were detailed and took into account the

reflectance, absorption and transmittance of individual glass
panes. The actual air flow in the cavity is almost impossible to
calculate with complete accuracy, even using a computationally
fluid model, since it is sensitive to minute variations in the
boundary conditions, and since the gravitational and pressure
forces are of similar size. It is therefore arguable that it is enough
to have a mixed air volume model, as in this study.

5. Conclusions and the needs for further research

This study focused on energy saving through an analysis of the
indoor climate of an existing brick-walled building using different
design solutions. The starting point of the study was an actual
apartment building in Malmo, Southern Sweden, in which the
ventilation unit was renewed and three facades of the building
had been glassed in. Permanently installed measuring devices
measured the air temperatures at different locations in the
building, such as inside the cavity space, the ventilation units and
the ducts. The primary aim was to evaluate the performance of the
ventilation system. The data retrieved from the measurements
was then analyzed. The study included a site inspection and the
calibration of the IDA-ICE software in order to make a comparative
analysis of the many possible different design options. The pur-
pose of the simulation was to evaluate the energy and indoor
climate effect of the proposed solution and further improve its
efficiency. The heating energy-saving studies included the amount
of added glazing and its U-value, and also whether the air supply
passed directly from outside to inside or went through the cavity
space first. The efficiency of cavity-space cooling systems during
summertime was studied with a ground duct system, mechanical
exhaust ventilation and airing the cavity space with windows.
Additionally, the effect of placing the ground ducts deeper in the
ground, and the use of internal and external shading were also
evaluated.

Based on the results, the following conclusions can be made.
The added glazing reduces the heating energy demands of the
building by between 5.6% and 25.3% depending on the design
solution. The annual temperature increase between the cavity
space and the outside temperature varies between 5.2 °C and
11.4 °C in the moderately cold climatic conditions of Malmé. The
factors that can be identified as having a significant influence on
the heating energy demands of a building lie in the area of added
glazing, the U-value and g-value of the added glazing, and any
combination of these factors. If there is no heat recovery like a
mechanical exhaust ventilation system, it is best to pass the out-
door air through the cavity before supplying it to the building.
When heat recovery with a high efficiency (like > 80%) is applied,
the effect is not clear. The U-value and the g-value of the glazing
seemed to influence the outcome. The results indicate that any
combination of the U-value, the g-value and the ventilation solu-
tion should be carefully examined by simulations in the design
stage.

It can also be concluded that the factors that have a significant
influence on the thermal indoor climate during summertime in
terms of cooling the indoors are, in order of importance, external
and internal shading of the cavity, a ground duct system with a fan
which cools the outdoor air before supplying it to the cavity, an
exhaust fan extracting the air from the cavity and the amount of
air flow in these systems.

The added glazing inhibited the building's ability to achieve
sufficiently cool indoor temperatures, despite the fact that the
cavity space was cooled with two openable windows, and there
was mechanical exhaust ventilation and a ground duct system. By
increasing the ventilation rate above the designed values, it was
possible to achieve clearly better indoor temperature conditions
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than with the current ventilation rates in the real building if low
indoor temperatures are aimed for. For example, the ground duct
system with enhanced air volumes (case 33) alone could have
given enough cooling capacity to allow better temperature con-
ditions inside the building than existed before the glazing was
installed (Case 1). If the indoor climate conditions need to be
cooled in the summertime, perhaps because of renovation work,
then another possible solution would have been to add internal or
external blinds to the glazing. This would have been possible in
another building, but not in the building studied here because the
building was listed as being of historical importance, and so no
significant changes could be made to the facade. With internal
blinds, the flat’s indoor temperature is clearly reduced and ex-
ternal blinds reduce it even more than in the cases without added
glazing. The impact could have been further increased if venetian
blinds had been implemented together with the cavity space’s
mechanical cooling system.

The results appear to show that a satisfying level of thermal
comfort can be achieved with the installed cooling solutions in the
real building. A lower indoor temperature during summertime
than before the renovation can be achieved if the air flow is in-
creased above its current design value, which fact illustrates that
simulations during the design phase can be very worthwhile. The
application of several technical measures and ventilation strate-
gies at the same time creates a complex situation which is difficult
to predict in the design phase, i.e. which air flows and ventilation
strategies will be the most efficient, etc.? The results of this study
clearly illustrate how complex a process this is. They also support
the view that it's an important part of the design stage of a
building project to be able to model such a complexly-controlled
building with dynamic software, in order to optimize the installed
systems.

In summary, it can be said that the addition of glazing in front
of the brick wall reduced the heating energy demand of the
building. As the temperature in the cavity was higher than the
outdoor temperature, this implies that the old brick wall will now
be in a warmer environment during the winter, which will have
associated benefits, such as reducing the risk of freeze-thaw da-
mage. Although the extra glazing may cause problems indoors
during the summertime in terms of keeping the place cool and
well-aired, it is possible to solve this by increasing the air-change
rates of the cavity exhaust unit and ground duct air-supply unit. It
should also be noted that all the cooling solutions, which will be
able to create sufficiently low indoor temperature in summertime,
are to a great extent sustainable solutions i.e. shading. The ground
duct and exhaust system are not totally passive systems as me-
chanical fans are needed. But no active cooling energy is needed to
be supplied to the system as opposed to air-conditioning units.
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