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a  b  s  t  r  a  c  t

Appropriate  window  solutions  are  decisive  for the  design  of ‘nearly  zero-energy’  buildings  with  healthy
and  comfortable  indoor  environment.  This paper  focuses  on the  relationship  between  size,  orientation  and
glazing  properties  of  faç ade  windows  for different  side-lit  room  geometries  in  Danish  ‘nearly  zero-energy’
houses.  The  effect  of  these  parameters  on space  heating  demand,  daylighting  and  thermal  environment
is  evaluated  by means  of EnergyPlus  and  DAYSIM  and  presented  in  charts  illustrating  how  combinations
of  design  parameters  with  minimum  space heating  demand  can be  selected  within  a  solution  space
defined  by  targets  for daylighting  and  thermal  comfort.  In contrast  with  existing  guidelines,  the results
show  an  upper  limit  for energy  savings  and  utilisation  of solar  gains  in  south-oriented  rooms.  Instead,
low  U-values  are  needed  in  both  north-  and  south  oriented  rooms  before  large  window  areas  lead  to
aylighting
indow size

lazing properties
eometry factors

reductions  in  space  heating  demand.  Furthermore,  windows  in  south-oriented  rooms  have  to  be  carefully
designed  to  prevent  overheating.  Design  options  for prevention  of  overheating,  however,  correspond  well
with options  for low  space  heating  demand.  Glazings  with  solar  control  coating  are  therefore  obvious
alternatives  to dynamic  solar  shadings.  Regarding  room  geometry,  deep  or  narrow  south-oriented  rooms

ing  su
show  difficulties  in  reach

. Introduction

As part of European energy strategy and policy for reducing the
se of fossil fuels, all new buildings are required to have a ‘nearly
ero’ energy consumption in 2020 [1]. This creates a strong need for
esearch in cost-effective technology and solutions that will help
eet these ambitious energy reductions without compromising on

aylight conditions and indoor climate. It is well-known that win-
ows have a considerable effect on both energy consumption and

ndoor environment. For example, where large windows allow for
ore daylight in a space, they might also result in visual discomfort

nd excessive heat gains or losses which affect the energy needed
or heating or cooling and the thermal indoor environment. So it is
mportant to find a balance between daylight availability, thermal
omfort and energy consumption if we are to achieve both the goal

f a ‘nearly zero’ energy consumption and buildings with a healthy
nd comfortable indoor environment. There have been many
tudies on window design with regard to energy consumption

∗ Corresponding author. Present address: Danish Building Research Institute,
alborg University Copenhagen, A.C. Meyers Vænge 15, DK-2450 Copenhagen,
enmark. Tel.: +45 9940 2347.

E-mail address: lva@sbi.aau.dk (L. Vanhoutteghem).

ttp://dx.doi.org/10.1016/j.enbuild.2015.05.018
378-7788/© 2015 Elsevier B.V. All rights reserved.
fficient  daylight  levels  without  overheating.
© 2015  Elsevier  B.V.  All  rights  reserved.

for heating, cooling and lighting in office buildings. Studies car-
ried out by Susorova et al. [2] and Ghisi and Tinker [3] focused
on the effect of room geometry, window size and orientation on
energy use for heating, cooling and lighting for office buildings in
various climate zones. A study by Lee et al. [4] examined the effect
of window-to-wall ratios, orientation, U-value, g-value and visual
transmittance to find optimal window designs for office buildings
in 5 typical climate zones in Asia. Similarly, Motuziene and Juodis
[5] investigated the effect of window-to-wall ratios, window orien-
tation and glazing type on the total building energy consumption
for an office building in the cool climate zone of Lithuania, while a
study conducted by Ko [6], explored ways of optimising daylighting
and energy savings by performing simulations to find the best com-
bination of window area and glazing properties for office buildings
in six different climates in the U.S.

Due to the less predictable usage and occupancy in residential
buildings, the link between energy consumption, thermal environ-
ment and daylighting is less obvious in residential buildings than in
commercial buildings. Furthermore, while in office buildings most
energy is used for cooling and lighting, in residential buildings

there has been a historical focus on reducing the energy needed for
heating. These might be reasons why, the topic of the integrated
evaluation of window design and its combined effect on heating,
cooling and lighting has been less explored in residential buildings.

dx.doi.org/10.1016/j.enbuild.2015.05.018
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2015.05.018&domain=pdf
mailto:lva@sbi.aau.dk
dx.doi.org/10.1016/j.enbuild.2015.05.018
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Table  1
Room dimensions and width-to-depth ratio for each room geometry.

2:1 1.5:1 1:1 1:1.5 1:2

W (m)  D (m)  W (m)  D (m)  W (m) D (m)  W (m)  D (m)  W (m)  D (m)

Large rooms 8 4 6 4 4 6 4 8
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sen in accordance with standard practice in Denmark [27]. Heating
power to achieve the heating set point was  assumed infinite by
using the ideal loads air system in EnergyPlus [28]. Mechanical ven-
tilation was set to 0.6 h−1 while infiltration was set to 0.05 h−1 for

Table 2
Input values defining the thermal simulation model with respect to construction
properties, and system and internal loads.

Construction properties
U-value wall1 0.10 W/m2 K
U-value roof1 0.08 W/m2 K
U-value floor1 0.09 W/m2 K

System and internal loads
Heating set point 20 ◦C
Venting set point 23 ◦C
Infiltration rate 0.05 h−1

Venting rate (maximum) 3 h−1

Mechanical ventilation rate 0.6 h−1
Base  case
Small rooms 5.3 2.7 4 2.7 

 number of studies on the topic of lighting in residential buildings
ave evaluated daylight availability and the potential for savings in
rtificial lighting with various geometries and window sizes [7–9].
tudies on reducing the heating and cooling demand in residential
uildings have considered the influence of window orientation,
ize and glazing type and suggested that south-facing window size
s important for reducing heating demand [10–13]. However, a
tudy by Persson et al. [14] on the performance of passive houses
n Sweden has shown that window size is not that important
ny more for the reduction of heating demand. In well-insulated
esidential buildings, the focus should be on reducing the risk of
verheating.

Recently, there has been renewed attention on the thermal
ndoor environment and potential non-visual effects of daylighting
n residential buildings [15] as part of a movement towards
ustainable buildings with a focus on user well-being [16]. ‘Active
ouses’ [16] should be designed, for example, so that they allow

or optimal daylighting and attractive views to the outside while
nsuring a good thermal indoor environment and low energy
onsumption without having negative impact on the environment.
ollowing the Active house specifications [17], a house called

Home for life’ was designed and constructed in Denmark as part
f the Model Home 2020 project, which has the aim of developing
limate-neutral buildings with a high level of livability [18]. The
ouse has a window-to-floor ratio of 40% to achieve an average
aylight factor of 5%. This is about twice the window-to-floor area
sually used in single-family houses. Even so, the overall thermal

ndoor environment is good, due to the special attention given to
olar control using dynamic solar shading and ventilative cooling
y natural stack ventilation through the use of roof windows [19].
nother example is the design of a Danish passive house [20] in
hich the glazing area was selected to provide a daylight factor of

% all the way to the back of primary rooms. Here, however, there
ere problems with overheating because no solar control of any

ind was provided [21].
We believe that the establishment of cost-effective and suc-

essful window solutions in ‘nearly zero-energy’ buildings requires
ore knowledge about the link between various window design

arameters and their combined effect on energy consumption, day-
ighting and thermal indoor environment for rooms with different
eometries. In this paper we wish to contribute to this knowl-
dge by studying the effect of glazing-to-floor ratio, orientation,
nd glazing properties such as U-value, g-value and light trans-
ittance in side-lit rooms with different geometries representing
anish ‘nearly zero-energy’ single-family houses. The results are
resented in terms of diagrams, exemplifying an approach by which
indow solutions with minimum space heating demand can be

hosen within a solution space defined by targets for daylighting
nd thermal comfort.

. Methodology
.1. Simulation process and model description

Daylighting was computed independently from energy con-
umption and thermal indoor environment. For the calculation of
4
2.7 4 2.7 5.3

energy consumption and thermal environment, the building simu-
lation tool EnergyPlus (version 7.2) [22] was  used in combination
with the tool jEPlus 1.4 [23,24], which is a parametric shell program
designed for use with EnergyPlus. EnergyPlus has been widely val-
idated and is an acknowledged simulation tool that uses the heat
balance model to predict thermal performance in buildings. Ener-
gyPlus allows for hourly calculation of space heating demand and
operative temperatures based on detailed treatment of solar radia-
tion. Analyses with regard to daylighting were carried out using the
RADIANCE-based daylighting analysis tool DAYSIM (version 3.1)
[25]. The targets and evaluation criteria used throughout this paper
are further explained in Section 2.2.

2.1.1. Room geometry
To study the relationships between window size, orientation,

U-value, g-value and visual light transmittance, the investigations
were made at room level. This made it possible to investigate how
window size, orientation and geometry affect the performance in
a transparent way. A total of 9 different room dimensions with
varying width-to-depth ratios were used, see Table 1.

Rooms were modelled with ceiling, floor and one faç ade exposed
to the outside climate to represent rooms in typical Danish single-
family houses, which are characterised by their rectangular shape
and one-storey floor plan. Room height was  set to 2.5 m and a wall
thickness of 0.5 m was used. No external obstructions were taken
into account.

2.1.2. Building specifications
Construction and building system properties for the various

room geometries were selected to comply with future require-
ments for the annual energy consumption in ‘nearly zero-energy’
houses in Denmark [26]. These requirements are in form of a tar-
get energy frame, stating a maximum yearly heating demand (see
Section 2.2). Table 2 contains input data on construction, building
system properties, and internal loads for the simulation model. The
heating set-point and design values for internal gains were cho-
Efficiency of heat recovery 0.9
Internal gains from people 1.5 W/m2

Internal gains from equipment and lighting 3.5 W/m2

1 Includes linear heat losses.
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Table  3
Variables used for parameter analyses.

Parameter Variable

Orientation N/S
Glazing-to-floor ratio1 (%) 10/15/202/253/30/35
Glazing U-value (W/m2 K) 0.3/0.5/0.7/0.9
Glazing g-value (−) 0.1/0.2/0.3/0.4/0.5/0.6/0.7
Light transmittance (−) 0.3/0.4/0.5/0.6/0.7

1 Based on internal floor area.
2 Glazing-to-floor ratios greater than 20% were not investigated for the room with
geometry 4 m × 8 m.
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Glazing-to-floor ratios greater than 25% were not investigated for the room with
eometry 4 m × 6 m.

he whole year. Natural ventilation through opening of windows,
eferred to as venting, was set to 3 h−1 outside the heating season.
his corresponds to the maximum air flow rate possible for single-
ided natural ventilation by automated opening of windows [27].
o ensure a good thermal indoor environment, solar protection
hould be integrated early in the design [21,29], in addition to vent-
ng. Recent findings [30,31] have indicated that the importance of a
igh g-value for reducing space heating demand for south-oriented
ooms in ‘nearly zero-energy’ buildings is limited even in the Dan-
sh climate, which makes the cost-efficiency of dynamic shading
olutions debatable. Therefore, in this research work, we  consid-
red g-value to reflect the use of permanent solar shadings (glazing
ith solar control coating) instead of using dynamic shading solu-

ions.
For daylight calculations, a diffuse reflectance of 70% was

ssumed for walls and ceiling and a reflectance of 30% for floors.

.1.3. Parameter variations
Glazing-to-floor ratio, orientation, and glazing properties such

s U-value, g-value and visual transmittance were varied as indi-
ated in Table 3 for each of the room geometries. The window frame
onsidered for the investigations has a thermal transmittance of
.9 W/m2 K and a width of 5 cm,  which was kept the same for all

nvestigations.
For the different glazing-to-floor ratios, the glazing height was

ept constant at 1.5 m while the glazing width was varied. Windows
ere placed as high in the faç ade as possible for optimal diffuse day-

ight access. Depending on the room geometry, rooms were side-lit
y 1 to 4 windows. A consistent relationship between the off-set
rom side walls and off-set between windows was used to ensure
n optimal daylight distribution. Fig. 1 illustrates the variation in
lazing-to-floor ratio for a 4 m × 4 m room.

.1.4. Weather data
The study considered rooms with different geometries for

ingle-family houses located in Copenhagen, Denmark. This loca-
ion in the northern part of continental Europe (latitude 55.6◦

nd longitude −12.7◦) represents a temperate coastal climate with
ather small temperature differences between summer and winter

nd low to medium access to daylight and solar radiation on an
nnual basis. Weather data from the Danish Reference Year [32]
as used for the calculations.

Fig. 1. Illustration of glazing-to-floor-ratio for a 4 m × 4 m room. F
Buildings 102 (2015) 149–156 151

2.2. Evaluation criteria

The link between various window design parameters and
their combined effect on energy, daylighting and thermal indoor
environment can be assessed using different evaluation criteria.
However, several dilemmas exist in finding suitable evaluation
criteria [33–35]. Where different evaluation criteria are used to
assess a single aspect of the same problem, this can lead to multiple
valid solutions. For example, energy consumption can be quantified
by evaluation of consumption for both heating, cooling, lighting,
ventilation energy etc. Since the tradition for mechanical space
cooling is limited in Denmark due to the climate, energy consump-
tion was  evaluated based on the space heating demand alone in
kW h/m2 per year. This annual space heating demand was cal-
culated based on the hourly simulation results for space heating
demand from EnergyPlus. The parameter variations for glazing-to-
floor ratio and different window properties indicated in Table 3 will
give a variation in results. Combinations of parameters that result in
an annual space heating demand of 13 kW h/m2 or less can be con-
sidered suitable for reaching the targeted energy frame as defined
in the Danish Building Code.

The thermal indoor environment was  considered a boundary
condition restricting possible window solutions. Different criteria
and methods can be used for evaluation of thermal indoor envi-
ronment. The thermal adaptive comfort method is currently being
used as a new way  to evaluate thermal indoor environment, but
could benefit from further research [36]. We  evaluated thermal
indoor environment based on the thermal comfort requirements
in the Danish building code for nearly-zero residential buildings
[26]. The requirements state that to have a comfortable indoor
environment without overheating, no more than 100 hours where
the operative temperature exceeds 26 ◦C should be allowed. The
total number of hours with operative temperatures above 26 ◦C
was found based on evaluation of hourly results from Energy-
Plus. If the number of hours with operative temperatures above
26 ◦C exceeds 100 hours per year, this is referred to as overheat-
ing.

The methodology and targets for the evaluation of daylighting in
residential buildings are less clearly defined. For offices, a daylight
factor of 2% is required in the working plane, but for nearly-zero
energy residential buildings, the Danish building code only requires
a minimum glazing-to-floor ratio of 15% in primary rooms when
side-lit windows with a light transmittance of 0.75 are used [36].
If the light transmittance is lower, the glazing-to-floor ratio should
be increased proportionally. Moreover, electricity consumption for
artificial lighting is not included in the target for primary energy
consumption in residential buildings. For these reasons and the less
obvious usage and occupancy in residential buildings, daylighting
was evaluated as an independent performance parameter, rather
than expressed in terms of a reduction in energy used for artifi-
cial lighting. Provided that rooms are designed for a high daylight
performance with regard to comfort and health, we considered the
potential electricity savings for artificial lighting a question of con-
trol systems and the usage of the building, rather than of window

design. Furthermore, it was not the aim to investigate visual dis-
comfort. Instead, it was  assumed that users can draw curtains to
control glare, or adapt to glare by moving around in the space. In the

rom left to right: Glazing-to-floor ratio of 15%, 25% and 35%.
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ollowing, we present a target and methodology for the evaluation
f daylighting.

.2.1. Target and methodology for evaluation of daylighting
We  selected target and methodology for the evaluation of

aylighting with reference to the on-going discussions on how
uropean daylight standards can be upgraded in a way that
pproaches climate-based daylight modelling (CBDM), which pro-
ides daylight predictions under realistic sun and sky conditions
ased on available weather data [37]. Over the last decade, research

n the field of daylighting has discussed the shortcomings of the
aylight factor method [37,38]. The daylight factor is calculated
nder standard CIE overcast sky conditions, so variations in daylight
ver time for different climates, locations and building orientations
re not considered. Furthermore, the use of daylight factor require-
ents can sometimes result in conflicts between visual and thermal

omfort requirements [39]. However, the daylight factor method
s still used in guidelines and standards [17,26,40]. Moreover, the
se of CBDM requires expert knowledge or expert simulation tools,
hile the daylight factor method uses existing tools and requires

ess computation power.
As a transition between the current practice of using the daylight

actor method and the use of CBDM, Mardaljevic and Christoffersen
41] suggested the use of a slight modification to the daylight factor

ethod that creates connectivity to the diffuse daylight access at a
pecific location, referred to in this paper as a climate-dependent
pproach. On the assumption that the diffuse daylight access fol-
ows the same graduation in brightness as the CIE overcast sky

odel, a target daylight factor (DFtarget, %) for various locations
an be derived based on the target for median illuminance indoors
Etarget, lx) and the median diffuse illuminance available outdoors
Emedian, diffuse, lx) during daylight hours:

Ftarget = Etarget

Emedian, diffuse

ith Emedian, diffuse calculated as the cumulative availability of dif-
use illuminance from standardized climate files during daylight
ours and with daylight hours defined as the hours from sunrise to
unset (solar altitude ≥0◦).

When Etarget is set to 300 lx, which is considered adequate by
ost building users, the target daylight factor in Copenhagen is

alculated to 2.11% [41]. In this study, the final daylight access
f the different room geometries was evaluated as the achieve-
ent of 300 lx (or DFtarget 2.11%) across 50% of the work plane.

ince the median of the outdoor diffuse illuminance (Emedian, diffuse)
s used for the calculation of this achievement, this means that,
or half of the daylight hours in a year, half of the surface of
he horizontal work plane receives 300 lx or more. In contrast to
he use of an average daylight factor, this provides information
bout the spatial distribution of daylight in the different rooms
nd ensures that daylighting in the different rooms is not only
valuated based on their predicted occupied period, due to the
hoice of the daylight hours as the evaluation period. However,
his is not a fully climate-based approach and cannot be used as

 measure for equal daylight availability for south- and north-
riented rooms over time under realistic sky conditions. On the
ther hand, because the climate-dependent methodology is based
n overcast sky conditions, it does ensure that a sensor-point that
eaches the target daylight factor (DF target) will receive a min-
mum of 300 lx in 50% of the daylight hours on an annual basis.

he spatial distribution of the daylight target was  evaluated for

 grid of sensor points with a mask width of 0.2 m distributed
ver the surface of the horizontal work plane at 0.85 m above floor
evel.
Fig. 2. Conceptual illustration of contour plot of space heating demand for vari-
ous  g-values and glazing-to-floor ratios, indicating boundaries for overheating and
daylighting.

2.3. Coupling between energy consumption and targets for
daylighting and thermal comfort

To obtain useful information about the relationship between
the various window design parameters and their effect on space
heating demand, thermal indoor environment and daylighting, the
results for each of these parameters are presented in the same
graphical illustration. For each room geometry investigated, space
heating demand was  plotted in a contour plot as a function of
glazing-to-floor ratio and g-value for north and south orientations
separately. The combinations of glazing-to-floor ratio and g-value
at which indoor temperatures were above 26 ◦C for more than
100 hours were plotted as a boundary indicating overheating on
the contour plot, see Fig. 2.

The boundary for daylighting at different combinations of
glazing-to-floor ratio and g-value was established through the
relationship between g-value and light transmittance. This rela-
tionship, also known as the ‘daylighting efficiency’ of glazing, varies
for different glazing products. However, due to physical limitations,
light transmittance is at maximum twice the solar transmittance
(daylight efficiency 2). This characterizes glazings with an ideal
solar control and serves as a lower limit to illustrate daylight avail-
ability. The upper limit was set to represent a clear glazing that is
advantageous in situations where a large amount of solar gain is
beneficial. We  chose to define this boundary as the case where the
light transmittance equals the solar transmittance (daylight effi-
ciency 1). The minimum glazing-to-floor ratio that is needed for the
different light transmittances to fulfil the daylight target can then
be illustrated as vertical lines ranging from a solar glazing with a
g-value as low as possible, to a clear glazing with g-value as high
as possible. Existing products on the market can be found within
this range of different daylight efficiencies. However, to fulfil tar-
gets for both daylighting and thermal comfort, only products above
the limit for daylighting reached with ideal solar control glazing
and below the boundary for overheating should be selected. This
solution space can then also be used to choose a window design
with the lowest space heating demand that fulfils targets for both
daylighting and thermal comfort.

3. Results

3.1. Effect of U-value, g-value and glazing-to-floor ratio

Before discussing the full solution space defined by targets

for daylighting and thermal comfort, we  look into the effect of
glazing U-value, g-value and glazing-to-floor ratio on space heat-
ing demand. Results are illustrated in Fig. 3 for the base case, a
room with dimensions of 4 m by 4 m,  but also apply to the other
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ig. 3. Contour plot of space heating demand for various g-values and glazing-to
imensions of 4 m × 4 m and for different glazing U-values.

eometries. For the variables considered, the results show that U-
alue has only marginal effect on thermal comfort. On the contrary,
pace heating demand, as well as the best choice of glazing-to-
oor ratio and g-value to reduce space heating demand, is to a high
egree determined by glazing U-value. Orientation is also impor-
ant in this connection.

Where in general it can be observed that sufficient access to
olar gains can reduce space heating demand significantly, it was
ound in south-oriented rooms that there is an upper limit for
nergy savings and the amount of solar gains that can be utilized.
hen studying the g-value, Fig. 3 shows that the ability to utilise

olar gains varies across U-value, but for U-values of 0.5 W/m2 K
nd below, a relatively pronounced stagnation in the energy sav-
ngs achieved by increasing the g-value can be observed at g-values
s low as 0.3–0.4. For the U-values 0.7–0.9 W/m2 K, the stagna-
ion occurs at slightly higher g-values, but for g-values above 0.5,
ncreasing the g-value further will reduce space heating demand by
ess than 1 kW h/m2. In north-oriented rooms, where space heating
emand is higher, the benefits of high g-values for reducing space
eating demand decrease with lower U-values and with higher g-
alues, but in general the importance of a high g-value remains
ignificant for the whole range of variables investigated.

Considering glazing-to-floor ratio, an optimum glazing-to-
oor ratio of approximately 15–20% can be found in both
orth- and south-oriented rooms. For high glazing U-values in
outh-oriented rooms, larger glazing-to-floor ratios increase space
eating demand, while for glazing U-values below 0.5 W/m2 K

arger glazing-to-floor ratios can be chosen freely with respect to
pace heating demand. This indicates that the amount of solar gains
hat can be utilised in well-insulated buildings can only outweigh
he additional heat losses that occur with larger glazing-to-floor

atios when U-values are low. These findings are in contrast with
xisting guidelines and current practice for window design where
igh g-values and large glazing-to-floor ratios in south-oriented
ooms are recommended.
 ratios, indicating overheating and the specified daylight target for a room with

Similar tendencies can be found for the lower U-values in north-
oriented rooms. This means that it could be possible to achieve a
window design with a neutral (or even positive) energy balance
also in north-oriented rooms when U-values are sufficiently low.

3.2. Solution space and daylighting for different geometries

We now discuss the solution space and daylight achievement
for rooms with different geometries. As an example, Fig. 4 illus-
trates the solution space for two  different room geometries with
width-to-depth ratios of 1:1.5 and 1.5:1 for a glazing U-value of
0.5 W/m2 K. The same trends can, however, also be extended to
geometries with width-to-depth ratios of 1:2 and 2:1 and the other
glazing U-values investigated in this paper.

Results show that the solution space for which both thermal
comfort and daylight conditions are satisfactory is considerably
larger for north-oriented rooms than for south-oriented rooms.
Furthermore, comparison of results for the different geometries
shows that small deep geometries are preferable from the perspec-
tive of space heating demand in both north- and south-oriented
rooms, while wide rooms with a shallow depth are preferable for
daylighting. To achieve the same daylight access in deep rooms as
in wide rooms with the same floor area, a larger glazing-to-floor
ratio is generally needed. This will result in increased space heat-
ing demand, especially when high U-values are used, which could
outweigh some of the benefits of deep rooms in terms of energy
consumption.

With regard to room geometry, it was  also found that, in deep or
very narrow south-oriented rooms, either daylighting or the ther-
mal  comfort is compromised when a window design is chosen. To
achieve the daylight target without overheating in other south-

oriented rooms, windows have to be dimensioned for nearly exact
fulfillment of the daylight target, and solar-coated products with
close to ideal daylight efficiency are needed. This is also illustrated
in Fig. 5 indicates the glazing-to-floor ratios that can be used in
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ig. 4. Contour plot of space heating demand for various g-values and glazing-to-flo
izes  with a width-to-depth ratio of 1:1.5 and 1.5:1 and for a glazing U-value of 0.5

ombination with clear glazing or glazing with ideal solar control
see Section 2.3) without resulting in overheating. The glazing-to-
oor ratios needed to achieve the specified daylight target for each

ight transmittance (0.5–0.7) are also illustrated.
For north-oriented rooms, none of the geometries experience

roblems with overheating before achieving the daylight target,

ven when clear glazings are used. However, in deep rooms facing
orth, for example a room with dimensions of 4 m × 8 m,  the tar-
et for daylight cannot be met  due to the physical limitations of
he geometry. When considering the geometries that can achieve

ig. 5. Indication of glazing-to-floor ratios and glazing types that can be used to achieve
.6  and 0.5 for various room geometries.
ios, indicating overheating and the specified daylight target for two different room
K.

the daylight target without overheating, glazing-to-floor ratios of
approximately 17–25% are needed to achieve the daylight target for
light transmittances of 0.7–0.5 in both north- and south-oriented
rooms. This is close to the recommendations in the Danish building
code, which states that a glazing-to-floor ratio of 15% is needed for
a light transmittance of 0.75 [26].
Fig. 5 also shows that the daylight target in deep and narrow
rooms can only be achieved for light transmittances of at least
0.6–0.7, but in general glazing products ranging from high to low
light transmittance can be used if they are combined with the right

 the daylight target (DF target) without overheating for light transmittances of 0.7,
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lazing-to-floor ratio. However, glazing types with high light trans-
ittances and as high g-values as possible generally allow for a

ower space heating demand than products with lower light trans-
ittances and as high g-values as possible.
The range of available g-values in south-oriented rooms is

lightly larger for high light transmittances, than for low trans-
ittances. Glazing products with low U-values and high light

ransmittances also provide the best fit between the maximum
-values for prevention of overheating and the g-values at which
he energy savings start to stagnate, see Fig. 4. Furthermore, high
ight transmittances allow the use of smaller glazing-to-floor ratios
or daylighting (within the range of 17–25%). This could be an
dvantage in cases where less glazing is desirable due to cost and
ill also allow for the lowest possible space heating demand if
igh U-values are used. In north-oriented rooms, small glazing-
o-floor ratios and high light transmittances are also preferable
or high glazing U-values. At low glazing U-values, flexibility in
hoosing a window design increases and larger glazing-to-floor
atios could be used, provided that clear glazings with high g-
alues are chosen in north-oriented rooms to reduce space heating
emand.

. Discussion

The parametric analyses and the charts illustrating the solu-
ion space in this study invite for an open discussion of the link
etween various design and performance parameters as well as
he possibilities and potential conflicts related to faç ade window
esign in ‘nearly zero-energy’ houses. For example, the charts high-

ight potential design conflicts in deep or narrow south-oriented
ooms, because either thermal comfort or daylighting is compro-
ised when only faç ade windows are used. Conflict situations like

his can lead to a discussion on the performance parameters and
he chosen targets in the charts, but could also indicate the need for
nvestigations on other design possibilities, e.g. the use of roof win-
ows in deep south-oriented rooms, or alternative solutions such
s increased venting (for example using cross ventilation) could be
onsidered. In principle, all the performance parameters and the
hosen targets can be tested for sensitivity to e.g. different insu-
ation thicknesses, different user patterns and adaptive models for
hermal comfort, different ventilation systems and air change rates,
nd different daylight targets. The solution space will then also have
ifferent characteristics.

In the Danish climate, it was possible to have a window design
or certain room geometries fulfilling the targets for daylighting and
hermal comfort without the use of mechanical cooling, but with
he use of permanent solar shading and with a maximum venting
ate of 3 h−1. In this connection, further studies related to other
limates and performance parameters should be considered. For
xample, in warmer climates, where mechanical cooling might be
eeded to avoid overheating, the value of daylighting compared to
he energy used for cooling may  give rise to several discussions,
uch as the relative weight assigned to the performance parame-
ers and targets. It might then also be relevant to consider whether
indow sizes should be dimensioned based on realistic sun and sky

onditions.
The target used for daylight evaluation in our study was  chosen

o reflect a specific location, but does not take into account real-
stic sun and sky conditions because it is based on evaluation of
he daylight target under a CIE overcast sky. As a result, glazing-
o-floor ratios for providing enough daylighting were found to be
he same for both north and south-oriented rooms. However, due

o prevention of overheating in south-oriented rooms, more flex-
bility with regard to the choice of window size and geometries

as found for north-oriented rooms than for south-oriented rooms.
or the two orientations to have comparable daylighting over time
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under realistic sun and sky conditions either the glazing-to-floor
ratio towards the south must be decreased or the glazing-to-floor
ratio towards the north must be increased. As the risk of overheat-
ing is close to insignificant in north-oriented rooms, it could be
argued that slightly larger glazing-to-floor ratios should generally
be used here than in south-oriented rooms when low U-values are
used. In this case, a climate-based approach for the evaluation of
daylight may  be needed. The use of such an approach might also
increase the choice of room geometry. Investigations by Ko [6], tak-
ing into account a clear sky and sun at equinox at noon for different
locations, showed for example that a lower sun position in winter
results in more daylight penetration deeper in a room. However,
further studies on visual comfort in south-oriented rooms and the
effects of daylighting on human health, comfort and well-being,
will be needed to determine how comparable targets for north-
and south-oriented rooms can be set in residential buildings. At this
stage, the use of a target daylight factor taking into account building
location might be considered a valid approach because architects
and designers do not always have the knowledge or expert tools
to calculate the available daylight using CBDM in the early design
phases.

5. Conclusions

The relationships between various faç ade window parame-
ters (glazing-to-floor ratio, orientation and glazing properties) and
how these affect energy consumption, thermal indoor environ-
ment and daylighting were studied for different side-lit room
geometries representing Danish ‘nearly zero-energy’ single-family
houses. With regard to daylight performance, a target daylight
factor taking into account building location was  used. Charts illus-
trating a solution space for space heating demand defined by
targets for daylighting and thermal comfort were used to dis-
cuss the effect of various window parameters. These charts can
also be used to select a window design that is beneficial in terms
of all three performance parameters. The main results showed
that:

• The use of high g-values and large glazing-to-floor ratios in south-
oriented rooms to reduce space heating demand is less important
than traditionally believed in well-insulated houses. Findings in
this paper showed that g-values above 0.3–0.4 have limited effect
on decreasing the space heating demand. Furthermore, glazing
U-values between 0.3–0.5 W/m2 K are needed before the use of
very large glazing-to-floor ratios may  lead to reductions in space
heating demand.

• In order to reach the daylight target without overheating in
south-oriented rooms, windows have to be carefully dimen-
sioned on the basis of the daylight target and solar-coated
products with close to ideal daylight efficiency are needed. For
high light transmittances and low U-values, the choice of g-
value from the perspective of space heating demand corresponds
well with the g-value for prevention of overheating by use of
solar-coated products with close to ideal daylight efficiency. Per-
manent solar shading solutions, such as solar-coated glazing
products with some degree of daylight efficiency, could therefore
be used as robust, user-friendly and cost-effective alternatives to
dynamic solar shading devices to reduce overheating in south-
oriented rooms. Nevertheless, one should keep in mind that some
types of solar-coating can give a slight tint to the glass, which
might be undesirable.

• In north-oriented rooms, high g-values are recommended to

reduce space heating demand. As the risk of overheating is small
in north-oriented rooms, the combination of g-value and glazing-
to-floor ratio can be chosen relatively freely to fulfill the target
for daylighting. At low U-values, this flexibility in north-oriented
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rooms also means that a window design with large-glazing-to-
floor ratios can be used without having a more negative impact on
space heating demand than a design with smaller glazing-to-floor
ratios.
In deep or narrow south-oriented rooms, either thermal comfort
or daylighting is compromised with the use of permanent solar
shading. Greater flexibility with regard to geometry was  found in
north-oriented rooms, but this is when the daylight availability
for both orientations is evaluated under a standardized overcast
sky, without taking orientation or direct sun into account.
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