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The presented study is focused into examination of the building shape influence on the annual energy need for
heating and cooling by taking into account climate data for six European cities located in different climatic regions.
The research is performed on timber-glass box-house models parametrically varying building aspect ratio (L/W) and
number of storeys (single- and two-storey), while the glazing - to - wall area ratio for southern fagade is kept constant
for all treated models (AGAW=35%). The influence of the mentioned parameters on the annual energy need is thor-
oughly analysed and leads to completely different conclusions drawn for cold and warm climate conditions.
According to the presented results the recommendation for cold climate conditions is to design two-storey houses
rather than single-storey ones. Additionally, the increasing aspect ratio shows a positive influence on the energy need
reduction. In the case of warm climate conditions the findings are almost opposite to those for cold climates. The total
energy need consist predominantly of data for cooling, whereby the energy need increases with the increasing as-
pect ratio. On behalf of specifics related to warm climate a further study was conducted for Athens with an additional
examination of the building components with higher thermal transmittance (U). The results of the research for Athens
show that designers are practically free to choose between single-storey or two-storey buildings with no significant
impact on the building energy behaviour.

The main output of the current study is to offer designers general information on energy-efficient design parameters

for single-family timber-glass buildings under influence of different European climatic conditions.

Key words: Building geometry, Energy demand, Timber-glass buildings, Climatic impacts

INTRODUCTION

Designing nearly zero-energy buildings is a goal in many
European countries; numerous studies have therefore
emerged to find a solution for designing buildings with
high energy performance. The first step in designing an
energy-efficient building should be a rational passive
design offering good thermal and living comfort, even
without active systems. The main focus should be laid
on climate conditions, orientation of the building, building
geometry, glazing size and characteristics of the ther-
mal envelope. We should also consider environmental
issues by observing the whole life cycle of buildings and
by using recyclable materials which need less energy for
production. The measures taken to save energy vary in
nature, and the decision maker is required to establish
an optimal solution, taking into account multiple and usu-
ally competitive objectives such as energy consumption,
financial costs, environmental performance, renewable
energy utilization, etc., Diakaki et al. [01].

As a natural raw material requiring minimal energy input
into the process of becoming construction material, tim-
ber shows indisputable environmental excellence. It cer-
tainly represents one of the best choices for energy-ef-
ficient construction since it also functions as a material
with good thermal transmittance properties if compared
to other construction materials. On the other hand, the
use of glazing in buildings has always contributed to the
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feeling of openness and a better daylight situation of in-
teriors. Although characterized by weak thermal proper-
ties in the past, glass has been gaining an ever greater
significance as a building material due to its improved
thermal, optical and strength properties, resulting from
years of development, Wurm [02].

The features of both building materials presented above
lead to the development of a new type of structures, i.e.
timber-glass houses (see Figure 1), suitable for the con-
struction of energy-efficient buildings where an optimal
proportion and appropriate orientation of the glazing sur-
faces play an important part due to exploitation of so-
lar radiation as a source of renewable energy within the
passive use of energy for heating.

To obtain an increased share of solar gains useful for
passive heating of the building the glazing areas are
mostly placed on the south-oriented building envelope.
However, to assure better and evenly distributed natural
illumination in the building it is convenient to place some
openings also on other parts of the building envelope.
The geometry of the building is thus utterly significant;
along with the building’s self-shading it can essentially
affect solar gains in the heating and cooling periods, with
prevention against overheating in the latter. It is therefore
of utmost importance to design a building in an optimal
way according to its macro and micro-location, climate
conditions, materials to be used, etc.
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Figure 1: Example-set of timber-glass houses with the enlarged glazing size [03, 04, and 05]

Numerous studies have investigated the effect of build-
ing geometry on the energy performance. Depecker
et.al. [06] pointed to a strong correlation between the fi-
nal energy use and the shape of the building witnessed
in colder climates. Albatici and Passerini [07] analysed
the relationship between the shape and the energy need
in different climates in France and ltaly. Their findings
show that compactness should be looked for in cold-
er climates, though it is not relevant in mild and sunny
climates. Both studies have analysed the shape factor
(Fg= A/ V) of buildings which is defined as the ratio be-
tween the envelope surface (A) and the building volume
(V). Many parameters exert influence on the shape factor
of the building, with the most important one being a dy-
namic form (L, T or U-shapes have higher values of the
shape factor than rectangular areas). As schematically
presented in Fig. 2b-2c, in buildings with rectangular
shapes, the shape factor also depends on the building’s
horizontal and vertical dimensions and is generally high-
er in single-storey buildings as compared to multi-storey
buildings, with the same useful floor area.

Similarly, the study by Ratti et.al. [08] also suggest-
ed that a cold climate may increase the impact of the
building shape on the energy need. An extensive study
presented in Danielski et.al. [09] analysed five existing
apartment buildings for twelve different scenarios; three
thermal envelope scenarios and four climate zones in
Sweden. It was concluded that the impact of the shape
factor was reduced with warmer climates and ceased
with the average outdoor temperature ranging from
110°C to 140°C, depending on the thermal envelope
properties of the buildings. Rodrigues et al. [10] anal-
ysed six geometry-based building indices to determine
their adequacy in eight different climate regions in Eu-
rope. The results show that geometry-based indices cor-
relate with the buildings’ thermal performance, according
to specific climate regions and also to building design
software tools.

Ling et al. [11], Inanici and Demirbilek [12] and Chiras
[13] numerically analysed another geometrical param-
eter of buildings, the building aspect ratio (AR=L/W),
which is defined as a ratio between the building’s equa-
torial-facing fagade length (L) and lateral fagade width
(W), see Figure 2a. As stated in a parametric study [12]
the ideal aspect ratio for rectangular shaped houses
in cold climates ranges from 1.3 to 1.5. However, Ling
et.al. [11] suggest that an ideal building shape for hot and
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humid climates has a 1:1 ratio of the fagade width (W)
and length (L).

Hemsath and Bandhosseini [14] presented a methodol-
ogy to evaluate the form of the building in order to com-
pare the energy consumption of the building’s geometric
and material variations. The results indicate that the hor-
izontal (aspect ratio) and vertical geometric proportion as
well as building material characteristics have an impact
on the building energy use whereby the impact strength
depends on the location of the building. In the study of
Aksoy and Inalli [15] the impact of the building shape and
orientation on the energy demand for heating is investi-
gated for cold Turkish regions. It follows that a square
shape brings more advantages, and the most suitable
orientation angles prove to be 0° and 80° for buildings
having aspect ratios 2 and 0.5.

With the exception of [10], the majority of the above men-
tioned studies mostly deal with the influence of geometric
parameters for certain building types in certain climatic
conditions which are usually limited solely to one country
or even to only one climate region. To assess to what
extent building geometry may influence the building en-
ergy efficiency in different European regions, the current
study analyses twelve differing models of timber-glass
single-family houses located in six European cities of dif-
ferent geographical latitudes, longitudes and elevations.
The locations are selected intentionally, in order to en-
compass different climatic conditions of each particular
region such as air temperature, solar radiation potential
along with the apparent position of the sun determined
by altitude and azimuth, etc. With respect to the fact that
the total building energy use is influenced by climate
conditions during different seasons and according to EN
ISO 13790 [16] we should take into account the energy
need for heating (Qh) and cooling (Qc) as well as their
sum (Qh+ Qc) to get better insight into the annual energy
behaviour of the building.

The first, theoretical part of the paper, briefly de-
scribes the present research containing basic princi-
ples of energy flows in buildings considering the influ-
ence of different variable parameters, such as glazing
size and building shape on the energy performance
of buildings. The second part of the paper consists
of an extensive parametric numerical analysis of the
building’s varying shape with the aspect ratio and its
impact on the energy flows through the building skin
within six different macroclimatic zones in Europe.
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Figure 2: Schematic presentation of the building aspect ratio (a) and a differing shape factor
for two different types of rectangular buildings (b-c)

The submitted paper is a systematic upgrade of the nu-
merical study [17] where a parametric analysis is carried
out for eight different building shapes, i.e. square, rectan-
gular, L, T and U, placed in three different climate condi-
tions (Ljubljana, Munich and Helsinki) with the three-lay-
er insulating glass placed only in the south fagade while
the ground floor area (A = 81 m?) and the heated volume
(V = 243 m?) remain constant. In the presented study we
extended the analysis from a single-storey house with
A =81 m?in [17] to two-storey buildings with A = 81 m?
for each storey, in addition to the analysis of single-sto-
rey houses with A = 162 m? in order to compare the en-
ergy behaviour of two-storey residential buildings with
single-storey ones having the same total floor area. The
study was furthermore extended for rectangular build-
ing shapes in warm climate conditions (Athens, Madrid)
which were not analysed in [17].

The findings from the presented study can result in
optimal design solutions for single and two storey tim-
ber-glass houses with a constant floor area and a varying
building aspect ratio in six different European locations
with cold, moderate and warm climates. The main bene-
fit goes to general findings to be linked with a set of basic
guidelines providing architects with a tool for a quick es-
timation of the energy performance of timber-glass build-
ings, designed in different shapes, in one or two storeys.

ENERGY BALANCE OF BUILDINGS

Energy-efficient building design requires a careful bal-
ance of energy consumption, energy gain and energy
storage. A basic design principle integrates the building
components into a system taking maximum advantage
of the building’s environment, its climatic conditions and
available renewable energy sources. The use of con-
temporary active technical systems exploiting renewable
energy is therefore strongly advised. The occupants play
an important role in the system of energy-efficient build-
ings, since only with proper use can the buildings’ energy
balance reach a level planned by the engineers.

Journal of Applied Engineering Science 15(2017)4, 484

Energy efficiency of buildings according to EN ISO 13790
[16] calls for consideration of the energy need for heating
(Qh) and cooling (Qc). A building is therefore analysed
as a thermal system with a series of heat flows and en-
ergy balance consisting of the transmission heat losses
(Qt), ventilation heat losses (Qv), internal heat gains (Qi)
and solar heat gains (Qs), as seen in Szokolay [18] and
schematically presented in Figure 3.

Figure 3: Scheme of energy flows in a building typical
of the cold period scenario [19]

In the heating period the energy losses (Q,) in buildings
consist of a sum of the transmission heat losses (Q,)
and ventilation heat losses (Q,) caused by air exchange
between the building and its surroundings, in the form of:

Or=0r+ Or 1)

The heat gains (Q;) in buildings for the heating period
are a sum of solar heat gains caused by solar radiation
(Q,) and internal heat gains generated inside the build-
ing (Q), in the form of:

Oc=0s+ Or 2)
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The amount of energy required for heating (Q,) equals
the difference between the sums total of heat losses (Q,)
and heat gains (Q,) of the building, where the heat gains
are, according to EN ISO 13790 [16], multiplied with the
utilization factor 7}, in the form of:

On = 01— ne Jg 3a)

O/ OLP) /(1

All calculated values for energy are usually presented
as normed per 1 m? of usable floor area (ATFA), in the
forms of:

ne = (1 (Oc ! 0r)%) 3b)

On = On/Arra 4a)
Or = Or/A1ra 4b)
Qs = Os ' Arra 4c)
Oc = Oc/Arra 4d)

As they are nearly independent of the shape of the build-
ing at a constant usable floor area (A,,,) the ventilation
losses and the internal heat gains in our study are as-
sumed to be constant. Thus the change of the energy
need for heating normed per 1 m? of usable floor area
(AQ,) results from Equation (3a), in the approximate
form of:

A0y = Or - ne-Os 5)

The transmissions heat losses Q, normed per 1 m? of us-
able floor area are calculated for every building element
of the heat-exchanging envelope using:

Or =01/ Arra = A-Uf7-Ge | A1r4 6)

where A is the building envelope area, U is the building
envelope thermal transmittance, £, is the reduction factor
for the reduced temperature difference and G, is the tem-
perature difference time integral (heating degree hours)
which mostly depends on the climate conditions in the
heating period. Respecting Equation (6), it is evident that
an increasing envelope area (A) strongly influences the
transmission losses, which leads to a conclusion that
multi-storey buildings generally have lower transmission
losses than single-storey buildings (Figure 2a) with the
same ground floor area. This fact will undergo a thor-
ough analysis in Section 3.

The solar heat gains Q_normed per 1 m? of usable floor
area are calculated using:

Os =0s ' Arra = rgAwG /| Atra 7)

where r is the reduction factor taking into account the
frame-to-window-area ratio, shading, dirt on the glaz-
ing and the tilted incidence angle of radiation through
the glazing; g is the degree of solar energy transmitted
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through the glazing normal to the irradiated surface, A,
is the window area (rough opening) and G is the total
radiation during the heating period. It has been justified
in several existing studies that glazing surfaces, if orient-
ed towards the equator where the solar potential is the
highest, enable solar radiation to enter the building. The
parameter which can significantly influence the amount
of solar gains and consequently the total energy need
for heating and cooling is the glazing-to-wall area ratio
(AGAW) of the fagade described as the ratio between
the total area of the glazing on the facade (Ags) and the
total area of the wall (A, _):

AGAW = Ags / Avant 8)

The influence of the AGAW value on the energy need is
analysed in details using the climate conditions for Lju-
bljana in Zegarac Leskovar and Premrov [20]. The pre-
sented calculations demonstrated that the glazing size
of AGAW = 35% placed in the south fagcade of passive
timber-glass houses leads to minimum values of the total
annual energy need for heating and cooling (Q,+Q_). The
value of r in Equation (7) can be influenced also by the
building geometry. In the early design stage, when deter-
mining the building geometry which can be either com-
pact (square, rectangular) or dynamic (L, U, T-shape), it
is important to consider direct solar penetration through
the glazing in the south fagade which significantly de-
pends also on the so-called self-shading, parametrically
analysed in [17].

In the presented research the study from [20] was ex-
tended and upgraded in [17] where it was concluded that
the value of AGAW = 35% is the optimal size of glazing
placed in the south fagade of the passive type of tim-
ber-glass buildings in basically every climate condition
considered (Ljubljana, Munich and Helsinki) and any
shape of the building.

NUMERICAL STUDY

1. Simulation model

For calculations of energy flows and energy needs for
heating and cooling the planning tool PHPP 8 [21] was
used based on EN ISO 13790 [16] which shows high
levels of precision and accuracy in calculating energy
balances.

1.1. Building geometry

The presented numerical research is based on a case
study of a box model of 3-metre-high single and two-sto-
rey houses builtin the prefabricated passive timber-frame
structural system with the glazing installed only in the
south facade of the building. Three different groups of
rectangular models are analysed (Figure 4):

* Model group A: single-storey models with a constant
occupied floor area (A,., = 81 m?), a constant heated
volume (V = 243 m?®) and a varying aspect ratio (AR)
ranging from 0.83 to 1.69.

Journal of Applied Engineering Science 15(2017)4, 484
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» Model group B: single-storey models with a doubled
constant occupied floor area (A, = 162 m?), a con-
stant heated volume (V = 486 m®) and a varying as-
pect ratio (AR) ranging from 0.83 to 1.69.

* Model group C: two-storey models with a dou-
bled basic occupied floor area of each storey
(A, = 81 m?), a constant heated volume of each
storey (V = 243 m®) and a varying aspect ratio (AR)
ranging from 0.83 to 1.69.

The main aim of the research is to vary the architectural
geometry of the building and consequently its building
aspect ratio (AR=L/W) and the shape factor (F;) whose
values are parametrically changed with various floor
plan models. The building shape factor values vary para-
metrically from 1.01 for the building shape 1 of Model C
(two-storey building) to 1.50 for the building shape with
the highest aspect ratio in Model A (single-storey build-
ing), see Figure 4. A comparison of Model groups B and
C shows that two-storey buildings generally have an evi-
dently lower building shape factor (F) than single-storey
buildings with the same floor area at the same aspect
ratio.

Characteristics of the building envelope

The exterior walls are constructed using a timber-frame
macro-panel system with timber class C22. The exterior
walls and the roof are considered to be meeting the re-

MODEL 1

0.83 1.00

AR =L/W

Model group A
81 m?
F,=1.46-1.50

Model group B
162 m?
F,=1.21-1.24

Model group C
2x81 m?=162 m?
F.=1.01-1.04

S

MODEL 2

quirements of the passive house standard with U = 0.10
W/m2K, the bottom plate thermal transmittance is 0.135
W/m?K. However, the models located in Athens were
additionally calculated also for the walls and roof with
U-values of 0.20 W/m?K and for the bottom plate with
U-value of 0.25 W/m?K.

Characteristics of glazing

As seen in Figure 4, only the south-oriented windows
were chosen for easier comparison of the solar gains
in different climates. The percentage of glazing area in
the south facade (AGAW) was kept constant at the val-
ue of 35% which was chosen based on the findings in
the study by Zegarac Leskovar and Premrov [20], where
the optimal glazing size on the south fagade with a pas-
sive standard of external walls Uwall = 0.10 W/m?K was
AGAW = 35%, for climate conditions in Ljubljana. The
glazing sizes on the south fagade were therefore influ-
enced by the building’s width and aspect ratio.

The window insulating glazing (Unitop 0.51-52 Uniglas)
with three layers of glass, two low-emissive coatings
and krypton in the cavities for a normal configuration of
4E-12-4-12-E4, is installed. The glazing configuration
with a g-value of 52% and Ug = 0.51 W/m?K assures a
high level of heat insulation and light transmission. The
U-value of the window frame is Uf = 0.73 W/m?K.

MODEL 3
1.21

MODEL 4
1.69

Figure 4: Schematic presentation of the analysed house models

Journal of Applied Engineering Science 15(2017)4, 484
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Climate data

The study analyses the energy performance for different
European climatic regions. The selected cities of Ljublja-
na, Helsinki, Munich, London, Athens and Madrid are all
places with various average air temperatures and solar
radiation. Weather information from Meteonorm [22] with
temperature data for the period of 2000-2009 and radi-
ation data for the period of 1991-2010 was used for cal-
culations. The above mentioned data are presented in
Table 1.

For calculation of the solar gains in the heating period
only (Equation 7) is of special importance for the value of
G. The value for the most northwardly located city in the
study (Helsinki) is higher (452 kWh/m?) than that for Lju-
bljana (407 kWh/m?), but it should be taken into account
that the annual heating period in Helsinki (232.550 days)
is much longer than in Ljubljana (183.799 days), which
will in consequence lead to significantly higher transmis-
sion losses, defined by using Equation (6).

Results

Calculated results for geometrical characteristics of the
building envelope and solar gains (Q) through 1m? of
glazing for all analysed twelve models are listed in Table
2. They are important for our further calculations and ex-
planations. The results for Qg in the heating period are
calculated using Equation (7) with the values for G from
the last row in Table 1, and the g value of 0.52.

In reference to average solar gains of the analysed mod-
els (groups A, B and C) for all treated locations (Table 2),
the average amount transmitted through 1 m? of vertical
south-oriented glazing surface in the heating season pe-
riod proves to be the lowest in Athens, with an average
value of 59.83 kWh and the highest in Munich, with an
average value of 208.19 kWh. The size of the southern
facade and consequently that of transparent areas for all

model groups (A, B and C) demonstrate a significant in-
crease at a higher aspect ratio (from Model 1 to Model 4).

The calculated results for the transmission losses through
the building thermal envelope surface areas normed per
1 m? of usable floor area (Q,), using Equation (6), are
graphically presented in Figure 5. They encompass all
the single and two-storey house models for all of the six
selected locations at the thermal transmittance of walls
U=0.10 WmK.

As seen above, the transmissions losses are the high-
est for Helsinki and the lowest for Athens for all selected
house models. Additionally, we can observe that the in-
creasing aspect ratio and consequently the shape factor
of the building have a stronger influence in cities lying
northwardly (Helsinki and Munich) than in southern lo-
cations (Athens and Madrid). Higher transmission losses
at the increasing aspect ratio appear due to the increase
of the building envelope, i.e. particularly to the enlarge-
ment of the glazing surfaces installed in the main/south-
ern facade which are the weakest point of the building
envelope in regard to the U-value. However, the differ-
ences between the treated cities are in accordance with
the difference of average air temperatures in the heating
season, which in turn means the strongest influence of
the growing aspect ratio for the coldest regions.

It can be claimed that the transmission losses consid-
ered per 1 m? of usable floor area are generally higher for
the single-storey house models (Model group A) than for
the two-storey ones (Model group C), which is linked to
the ratio between the total building envelope surface and
the usable floor area (see Table 2). The difference be-
tween the single-storey (Model group B) and two-storey
models (Model group C) with the same usable floor area
(162 m?) are very small and decreases with the location
to the south where in general the transmission loss-
es are lower due to a higher average air temperature.

Table 1: Climate conditions of the selected cities

City Ljubljana | London | Munich | Helsinki | Athens Madrid
Elevation (m) 299 18 529 12 147 662
Latitude 46.067 | 51.507 | 48.133 | 60.220 | 38.950 40.417
Longitude 14.517 -0.128 | 11.700 | 25.000 | 23.700 -3.704
Average annual 1.3 13.1 9.3 6.6 18.6 16.3
temperature (°C)
Average anqual temperzjture in the 45 8.3 4.0 16 9.0 8.0
heating period (°C)
Length of the heating period (days/an.) 183.799 | 170.218 | 211.464 | 232.550 | 65.611 133.689
Total annual solar radiation G on the south
vertical surface (kWh/m?) 969 837 999 926 1100 1280
Total solar radiation G on the south verti-
cal surface in the heating period (kWh/m2) | 497 289 517 452 151 436

534

Journal of Applied Engineering Science 15(2017)4, 484



Miroslav Premrov - Influence of the building geometry on energy efficiency of timber-glass buildings
for different climatic regions

Table 2: Calculated results for geometrical characteristics of the building envelope,
solar gains (Q,) through 1m? of glazing

S OO GG IS

MODELS 1-A 1-C
Usable 5 81 81 81 81 162 162 162 | 162 162 162 162 162
floorarea(m?)
L/w 082 | 1.00 | 1.21 1.69 0.82 1.00 | 121 [ 169 | 082 1.00 1.21 1.69

Areas of thermal envelope (m?)

1. exterior wall 148.6 | 146.6 | 146.0 | 1484 204.8 | 201.8 | 201.0 | 204.0 | 273.9 | 270.0 | 268.9 | 273.4

2. roof / ceiling 97.9 97.8 97.9 98.5 185.6 | 1855 | 185.6 | 186.2 97.9 97.8 97.9 98.5

3. floor slab 97.9 97.8 | 97.9 98.5 1856 | 1855 | 1856 | 186.2 | 97.9 97.8 97.9 98.5

4. windows 12.8 140 | 15.4 18.3 17.6 194 | 214 | 252 | 235 25.9 2855 | 337

4.1 glass 929 | 1040 | 11.64 | 1420 | 1351 | 1510 | 16.89 | 20.28 | 16.77 | 18.86 | 21.18 | 25.81
Total building

| 3572 | 356.2 [ 357.2 | 363.7 | 593.6 | 592.2 | 593.6 | 601.6 | 493.2 | 491.5 [ 493.2 | 504.1
envelope area(m?)

Build. env. /floora. | 410 | 4.398 | 4.410 | 4.490 3.664 | 3.656 | 3.664 | 3.714 | 3.044 | 3.034 | 3.044 | 3.112

Non-transp. env./
floor a.

Windows/floor a. 0.158 | 0.173 | 0.190 | 0.226 0.109 | 0.120 | 0.132 | 0.156 | 0.145 | 0.160 | 0.176 | 0.208

4.252 | 4.225 | 4220 | 4.264 3.556 | 3.536 | 3.532 | 3.558 | 2.899 2874 2.869 | 2.904

QS/glass area (kWh/m?2a)

163.2 164.6
Ljubljana 162.22 | 162.75 s 164.05 | 163.85 | 164.27 | | 165.19 | 161.73 | 16228 | 16286 | 163.66
_ 207.9 209.7
Munich 206.78 | 207.39 | | 20899 | 208.72|200.23 | " | 210.36 | 206.15 | 206.83 | 207.53 | 208.53
o 185.1 186.2
Helsinki 18428 | 18478 | © | 185.81 | 18570 | 18599 o 186.74 | 183.91 | 184.40 | 184.86 | 185.52
Athens 59.31 | 59.54 | 59.79 | 60.08 | 60.05 | 60.19 | 60.38 | 60.60 | 59.10 | 59.34 | 59.59 | 59.94
116.9 117.8
London 116.00 | 11668 | | 11749 | 117.36 | 117.59 5 118.20 | 115.99 | 116.36 | 116.68 | 117.21
_ 173.4 175.1
Madrid 17223 | 17285 | | 17440 | 174.14 | 17467 | © 17574 [ 171,60 | 172.36 | 173.01 | 173.07
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However, it is interesting to compare the envelope size
of model groups B and C, where the B models have the
largest total building envelope surface and the C models
have the largest window areas (see Table 2).

The calculated results for the solar gains normed per 1
m? of usable floor area (Q,) in the heating period using
Equation (7) are graphically presented in the same way
in Figure 6.

Interestingly, the solar gains for the heating period are
always the highest for Munich and Helsinki. The rea-
son lies in the fact that the heating period in these two
cities (see Table 1) is significantly longer than that in
Athens or Madrid, for example, with significantly high-
er total annual solar radiation. In the latter two cities
the solar radiation is particularly high in the summer,
which seriously impacts the energy need for cooling.
Additionally, it can be observed that the solar gains of
single-storey models with 162 m? (Model B) are always
evidently lower than those of single-storey models with
81m?(ModelA), providedthatthevaluesare consideredper
1m? of usable floor area. In principle, the solar gains for
certain locations depend mostly on the inclination, orien-
tation, type and size of glazing. Comparing only the re-
sults for models with the same usable floor area of 162 m?
(Models B and C) and a fixed AGAW value of south-ori-
ented glazing suggests a conclusion that the solar gains
in all cities are higher for Models C (two-storey building)
due to a larger glazing surface. This observation might
lead to the next finding which states that in the case of
designing a single-storey house, the south-oriented glaz-
ing share (AGAW) should be larger than in two-storey
house designs in order to exploit the positive contribution
of solar radiation.

Respecting the given results for the transmission losses
(Q,) and solar gains (Q,) in addition to the feasibility of
treating the energy need for heating as an approximate
difference between the transmission losses and the solar
gains (Equation 95), it is now possible to analyse the re-
sults for the annual energy need for heating (Q,) and the
annual energy need for cooling (Q,).

In view of the already presented findings for Qt and Qs
and the conclusions given, the results for the annual en-
ergy demand are presented separately in three select-
ed groups of cities with similar climate conditions and
similar calculated energy behaviour according to the
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increasing aspect ratio; for climates with the strongest
winter conditions (Helsinki and Munich) in Figure 7, for
southern locations (Athens and Madrid) in Figures 8 and
9 and for “intermediate climates” (Ljubljana and London)
in Figure 10. An interesting point is also observed in the
comparison of the sum total of the annual energy need
for heating and cooling (Q, ., = Q,+Q,).

It can be claimed that the total energy need (Q,,,) for
Helsinki and Munich mostly depends on the energy need
for heating (Q,). The energy need for cooling can be al-
most neglected. All in all, it can be estimated that the
total energy need (Qtotal) decreases nearly linearly with
the increasing aspect ratio. Furthermore, on condition it
is considered per 1m? of usable floor area, the energy
need is generally higher for single-storey house models
(Model group A) than for two-storey ones (Model group
C). The difference is more evident for Helsinki with stron-
ger winter conditions and a longer heating period (see
data from Table 1). Comparing solely models with the
same occupied floor area of 162 m? leads us to the ob-
servation that the two-storey model (Model group C) has
essentially lower energy need for heating than the sin-
gle-storey model (Model group B) and can therefore be
treated as a more energy-efficient one.

Two cities were analysed (Athens and Madrid) as rep-
resentatives of warm climate conditions. The results for
the transmissions losses and solar gains were already
graphically presented in Figures 5 and 6. The results for
Q,, Q. and Q_,, for models with the U-values of the build-

ing envelope of 0.1 W/m?K are graphically presented in
Figure 8.

The findings for both of the above locations are essen-
tially different than those for Helsinki and Munich with
almost opposite result data. As the energy need for
heating (Q,) is estimated to be extremely low, it can be
neglected and consequently exempt from further de-
tailed analysis. The findings relative to the total energy
need (Q,,,) thus depend basically on findings on cool-
ing (Q,). The functions behaviour for the analysed en-
ergy demand (Q,, Q, and Q) for Athens and Madrid
according to the increasing aspect ratio is very similar,
only the absolute values are slightly different owing to
a small temperature difference between both cities (the
city of Athens is a little warmer in the heating and cool-
ing periods with a much shorter heating period, Table 1).
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Figure 7: Calculated results for the heating (Qh), cooling (Qc) and total annual energy need (Qtotal) for Helsinki
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Figure 8: Calculated results for the heating (Q,), cooling (Q ) and total annual energy need (Q,,.)
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Figure 9: Calculated results for the heating (Q,), cooling (Q ) and total annual energy need (Q, ) for Athens;
Uwall = 0.20 W/m?K, Uroof = 0.20 W/m?K, Ufloor = 0.25 W/m?K
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Figure 10: Calculated results for the heating (Q,), cooling (Q,) and total annual energy
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Thus, it is deduced that the energy need for cooling in-
creases, in an almost exponent dependence, with the
increasing aspect ratio (AR). The latter is in correspon-
dence with the enlargement of the glazing size in the
south facade as a consequence of the increased length
of the south-oriented fagade (see glazing areas data in
Table 2). A comparison with the results for Helsinki, in
particular, brings about a conclusion that the influence
of the building-storey is evidently lower for Athens and
Madrid. There is a tiny difference between the single-sto-
rey building (Model group B) and the two-storey building
(Model group C), with the exception of the model with the
highest aspect ratio (Model 4).

Given the fact that the energy need for heating (Q,) is
considerably low, there is no need to design buildings
with very low U-values of the building envelope for such
climate regions. It is more important to prevent overheat-
ing of the building. Therefore, the same models for Ath-
ens with the highest cooling demand were additionally
analysed for U-values of 0.20 W/m?K, 0.20 W/m?K and
0.25 W/m?K for the external walls, roof and basement re-
spectively where the thickness of the thermal insulation
is approximately two-times lower than in the models with
the U-value of 0.10 W/m?K. The results are graphically
presented in Figure 9.

Comparing the calculated results with those in Figure
8 we can observe a noticeable increase in the energy
need for heating (Q,), while the cooling energy need (Q,)
increases to a lower extent. Therefore, the difference be-
tween Q ., and Q_ in all analysed models is now larger
than at U = 0.10 W/m?K. Consequently, respecting the
total annually energy need, it is interesting to observe
that Q,, (Figure 9) still depends on the aspect ratio, with
the influence being slightly weaker than in the case of
models with the markedly lower U-values of the building
envelope (Figure 8). Therefore, the selection of the build-
ing envelope composition of an average U-value around
0.20 W/m?K allows designers to apply more flexibility to
their planning of the building shape, i.e. creating all pos-
sible forms of single or two-storey buildings, with no sig-
nificant impact on the total energy need.

The conclusions for Ljubljana are equally interesting
since the city is located »somewhere in the middle« be-
tween Helsinki and Athens. Nevertheless, we have to re-
spect the fact that the city is located on the south side of
the Alps and the solar radiation in the heating period is
therefore relatively high (see Table 1), while the winters
tend to be quite long (184 heating days) and relatively
cold with an average temperature of 4.50°C in the heat-
ing period. The results for the low thermal transmittance
values of the building envelope (U = 0.10 W/m?K) are
graphically presented in Figure 10. Due to similar energy
behaviour the findings for London are also presented in
the figure below.

It can be observed that the functions behaviour for both
analysed cities is very similar, only the absolute values
are different due to different average temperatures in the
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heating period (4.5°C and 8.3°C respectively, Table 1).
It can be estimated that the function shapes of the total
energy need (Q, ) for Ljubljana and London are similar
to those of Helsinki and Munich, with respect to the fact
that the ratio between the energy need for heating (Q,)
and cooling (Q ) is different. The heating energy need for
Ljubljana and London is generally evidently lower than
that for Helsinki, while the cooling energy need is much
higher and cannot be neglected at all. The increase of
the aspect ratio followed by the increase of the glazing
surfaces has a favourable impact on the reduction of en-
ergy need for heating whilst at the same time it affects the
increase of the energy need for cooling. Generally, it can
be concluded that the total energy need (Q, ) decreas-
es with the increasing aspect ratio (AR), in an almost
linear way, except for the Model group C where the influ-
ence of the increasing aspect ratio is slightly weaker. It is
furthermore seen, similarly as for Helsinki, that the total
energy need is generally higher for single-storey house
models (Model group A) than for two-storey ones (Model
group C). Comparing only models with the same occu-
pied floor area of 162 m? brings us to the observation that
the two-storey model (Model group C) has a slightly low-
er energy need for heating than the single-storey model
(Model group B), with the difference between these two
models being lower than in the Helsinki case.

CONCLUSIONS

It can be generally concluded from the presented study
that the building shape (the aspect ratio and the number
of floors in this case) can have an important influence on
energy behaviour of buildings. It is additionally demon-
strated that this influence strongly depends on climate
conditions. For Helsinki, the city with the most northern
location among the analysed cities, where the total an-
nual energy need mostly consists only of that for heating,
the increasing aspect ratio shows a positive influence on
the energy need reduction. The latter corresponds well
with the findings in [12], where the rectangular shapes
with similar aspect ratios (from 1.3 to 1.5) were shown
to be favourable for cold climates. In our case the aspect
ratio for Models »3« is 1.21 and for Models »4« 1.69.
Therefore, it is hardly recommended to design buildings
with higher/similar aspect ratios. Moreover, the energy
need in cold climate conditions is generally higher for the
single-storey house than for the two-storey one with the
same occupied floor area. The recommendation for cold
climate regions therefore is to design buildings with at
least two storeys and a higher aspect ratio.

As for the hot climate conditions (Athens and Madrid in
our study), the given conclusions are completely differ-
ent. In this case the findings on the total annual energy
need consist mostly of those for cooling, which brings
about a conclusion that the energy need increases with
the increasing aspect ratio. It is therefore recommend-
able to design buildings of smaller south fagade lengths,
similarly as in [11], providing the glazing is placed mainly
on the south fagade. Moreover, additionally performed
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analysis for Athens with higher Uwall-value confirms that
there is no need for using envelope wall elements in
much more expensive passive thermal standard (U=0.10
W/m2K) when designing buildings for warm climate con-
ditions. The wall elements with a thermal transmittance
of around 0.20 W/m?K allow designers to apply more
flexibility to their planning of the building shape, i.e. cre-
ating all possible forms of single or two-storey buildings,
with no significant impact on the total energy need.

There are still a lot of parameters which have to be ana-
lysed. In this study only the case with the south-oriented
glazing ratio of AGAW = 35% is analysed. For hot cli-
mate conditions, where the energy need for cooling is
decisive, it would be useful to analyse also a similar case
with the glazing placed on the northern facade. However,
the main output of the current study is to offer architects
and civil engineers general information on energy-effi-
cient design for single-family timber-glass buildings un-
der influence of different European climatic conditions
and to predict energy behaviour of a building with a sim-
ple and fast calculation.
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