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Abstract

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 facade 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 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 show difficulties in reaching sufficient daylight levels without overheating.

Keywords: nearly zero-energy houses, fenestration, thermal indoor environment, daylighting,
window size, glazing properties, geometry factors.
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1 Introduction

As part of European energy strategy and policy for reducing the use of fossil fuels, all new
buildings are required to have a ‘nearly zero’ energy consumption in 2020 [1]. This creates a
strong need for research in cost-effective technology and solutions that will help meet these
ambitious energy reductions without compromising on daylight conditions and indoor climate. It
is well-known that windows have a considerable effect on both energy consumption and indoor
environment. For example, where large windows allow for more daylight in a space, they might
also result in visual discomfort and excessive heat gains or losses which affect the energy needed
for heating or cooling and the thermal indoor environment. So it is important to find a balance
between daylight availability, thermal comfort and energy consumption if we are to achieve both
the goal of a ‘nearly zero’ energy consumption and buildings with a healthy and comfortable
indoor environment. There have been many studies on window design with regard to energy
consumption for heating, cooling and lighting in office buildings. Studies carried 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 orientation 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 combination 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 environment 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. A number of studies on the topic of lighting in residential buildings have evaluated
daylight availability and the potential for savings in artificial lighting with various geometries and
window sizes [7-9]. Studies on reducing the heating and cooling demand in residential buildings
have considered the influence of window orientation, size and glazing type and suggested that
south-facing window size is important for reducing heating demand [10-13]. However, a study by
Persson et al. [14] on the performance of passive houses in Sweden has shown that window size
is not that important any more for the reduction of heating demand. In well-insulated residential
buildings, the focus should be on reducing the risk of overheating.
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Recently, there has been renewed attention on the thermal indoor environment and potential non-
visual effects of daylighting in residential buildings [15] as part of a movement towards
sustainable buildings with a focus on user well-being [16]. ‘Active houses’ [16] should be
designed, for example, so that they allow for optimal daylighting and attractive views to the
outside while ensuring a good thermal indoor environment and low energy consumption without
having negative impact on the environment. Following the Active house specifications [17], a
house called ‘Home for life’ was designed and constructed in Denmark as part of the Model
Home 2020 project, which has the aim of developing climate-neutral buildings with a high level
of livability [18]. The house has a window-to-floor ratio of 40% to achieve an average daylight
factor of 5%. This is about twice the window-to-floor area usually used in single-family houses.
Even so, the overall thermal indoor environment is good, due to the special attention given to
solar control using dynamic solar shading and ventilative cooling by natural stack ventilation
through the use of roof windows [19]. Another example is the design of a Danish passive house
[20] in which the glazing area was selected to provide a daylight factor of 2% all the way to the
back of primary rooms. Here, however, there were problems with overheating because no solar
control of any kind was provided [21].

We believe that the establishment of cost-effective and successful window solutions in ‘nearly
zero-energy’ buildings requires more knowledge about the link between various window design
parameters and their combined effect on energy consumption, daylighting and thermal indoor
environment for rooms with different geometries. In this paper we wish to contribute to this
knowledge by studying the effect of glazing-to-floor ratio, orientation, and glazing properties
such as U-value, g-value and light transmittance in side-lit rooms with different geometries
representing Danish ‘nearly zero-energy’ single-family houses. The results are presented in terms
of diagrams, exemplifying an approach by which window solutions with minimum space heating
demand can be chosen within a solution space defined by targets for daylighting and thermal
comfort.

2 Methodology

2.1 Simulation process and model description

Daylighting was computed independently from energy consumption and thermal indoor
environment. For the calculation of energy consumption and thermal environment, the building
simulation 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 validated and is an acknowledged simulation tool that uses the heat balance model to
predict thermal performance in buildings. EnergyPlus allows for hourly calculation of space
heating demand and operative temperatures based on detailed treatment of solar radiation.
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 Evaluation criteria.
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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.

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) Dm) W(m) Dm) W(m) D(m) W@m) D@m) W(m) D(m)
Large rooms 8 4 6 4 4 6 4 8
Base case 4 4
Small rooms 5.3 2.7 4 2.7 2.7 4 2.7 53

Rooms were modelled with ceiling, floor and one fagade 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 2.5m and a wall thickness of
0.5m 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 requirements for the annual energy consumption in ‘nearly zero-energy’
houses in Denmark [26]. These requirements are in form of a target energy frame, stating a
maximum yearly heating demand (see Section 2.2 Evaluation criteria). 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 chosen 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 ventilation was set to 0.6 h™'
while infiltration was set to 0.05 h™' for the whole year. Natural ventilation through opening of
windows, referred to as venting, was set to 3 h™ outside the heating season. This corresponds to
the maximum air flow rate possible for single-sided natural ventilation by automated opening of
windows [27]. To ensure a good thermal indoor environment, solar protection should be
integrated early in the design [21, 29], in addition to venting. Recent findings [30, 31] have
indicated that the importance of a high g-value for reducing space heating demand for south-
oriented rooms in ‘nearly zero-energy’ buildings is limited even in the Danish climate, which
makes the cost-efficiency of dynamic shading solutions debatable. Therefore, in this research
work, we considered g-value to reflect the use of permanent solar shadings (glazing with solar
control coating) instead of using dynamic shading solutions.
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Table 2: Input values defining the thermal simulation model with respect to construction
properties, and system and internal loads.

Construction properties

U-value wall” 0.10 W/m’K
U-value roof" 0.08 W/m’K
U-value floor" 0.09 W/m’K
System and internal loads

Heating set point 20°C
Venting set point 23°C
Infiltration rate 0.05 h™!
Venting rate (maximum) 3h!
Mechanical ventilation rate 0.6h
Efficiency of heat recovery 0.9

Internal gains from people 1.5 W/m®
Internal gains from equipment 3.5 W/m®

and lighting
1) Includes linear heat losses

For daylight calculations, a diffuse reflectance of 70% was assumed for walls and ceiling and a
reflectance of 30% for floors.

2.1.3 Parameter variations

Glazing-to-floor ratio, orientation, and glazing properties such as U-value, g-value and visual
transmittance were varied as indicated in Table 3 for each of the room geometries. The window
frame considered for the investigations has a thermal transmittance of 0.9W/m’K and a width of
Scm, which was kept the same for all investigations.

Table 3: Variables used for parameter analyses.

Parameter Variable

Orientation N/S

Glazing-to-floor ratio" (%) 10/15/20%/25%/30/35
Glazing U-value (W/m’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 4m x 8m.
3) Glazing-to-floor ratios greater than 25% were not investigated for the room with geometry 4m x 6m.

For the different glazing-to-floor ratios, the glazing height was kept constant at 1.5m while the
glazing width was varied. Windows were placed as high in the facade as possible for optimal
diffuse daylight access. Depending on the room geometry, rooms were side-lit by 1 to 4 windows.
A consistent relationship between the off-set from side walls and off-set between windows was
used to ensure an optimal daylight distribution. Figure 1 illustrates the variation in glazing-to-
floor ratio for a 4m x 4m room.
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Figure 1: lllustration of glazing-to-floor-ratio for a 4m x 4m room. From left to right: Glazing-
to-floor ratio of 15%, 25% and 35%.

2.1.4 Weather data

The study considered rooms with different geometries for single-family houses located in
Copenhagen, Denmark. This location in the northern part of continental Europe (latitude 55.6°
and longitude -12.7°) represents a temperate coastal climate with rather small temperature
differences between summer and winter and low to medium access to daylight and solar radiation
on an annual basis. Weather data from the Danish Reference Year [32] was used for the
calculations.

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 consumption was
evaluated based on the space heating demand alone in kWh/m® per year. This annual space
heating demand was calculated 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 13kWh/m2 or less can be considered 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
environment. 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 EnergyPlus. If
the number of hours with operative temperatures above 26°C exceeds 100 hours per year, this is
referred to as overheating.
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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 artificial 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 control systems and the usage of the building, rather than of window design.
Furthermore, it was not the aim to investigate visual discomfort. Instead, it was assumed that
users can draw curtains to control glare, or adapt to glare by moving around in the space. In the
following, we present a target and methodology for the evaluation of daylighting.

2.2.1 Target and methodology for evaluation of daylighting

We selected target and methodology for the evaluation of daylighting with reference to the on-
going discussions on how European daylight standards can be upgraded in a way that approaches
climate-based daylight modelling (CBDM), which provides daylight predictions under realistic
sun and sky conditions based on available weather data [37]. Over the last decade, research in the
field of daylighting has discussed the shortcomings of the daylight factor method [37, 38]. The
daylight factor is calculated under standard CIE overcast sky conditions, so variations in daylight
over time for different climates, locations and building orientations are not considered.
Furthermore, the use of daylight factor requirements can sometimes result in conflicts between
visual and thermal comfort requirements [39]. However, the daylight factor method is still used in
guidelines and standards [17, 26, 40]. Moreover, the use of CBDM requires expert knowledge or
expert simulation tools, while the daylight factor method uses existing tools and requires less
computation power.

As a transition between the current practice of using the daylight factor method and the use of
CBDM, Mardaljevic and Christoffersen [41] suggested the use of a slight modification to the
daylight factor method that creates connectivity to the diffuse daylight access at a specific
location, referred to in this paper as a climate-dependent approach. On the assumption that the
diffuse daylight access follows the same graduation in brightness as the CIE overcast sky model,
a target daylight factor (DFi4rger, %) for various locations can be derived based on the target for

median illuminance indoors (E¢grger, Ix) and the median diffuse illuminance available outdoors

(Emedian aif fuse, [x) during daylight hours:

DFtarget = Etarget/Emedian,diffuse

with Epeqiandiffuse calculated as the cumulative availability of diffuse illuminance from

standardized climate files during daylight hours and with daylight hours defined as the hours
from sunrise to sunset (solar altitude > 0°).
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When Etqrger is set to 300 lux, which is considered adequate by most building users, the target
daylight factor in Copenhagen is calculated to 2.11% [41]. In this study, the final daylight access
of the different room geometries was evaluated as the achievement of 300 lux (or DFsrger 2.11%)
across 50% of the work plane. Since the median of the outdoor diffuse illuminance
(Emedian,aiffuse) 18 used for the calculation of this achievement, this means that, for half of the
daylight hours in a year, half of the surface of the horizontal work plane receives 300 lux or more.
In contrast to the use of an average daylight factor, this provides information about the spatial
distribution of daylight in the different rooms and ensures that daylighting in the different rooms
is not only evaluated based on their predicted occupied period, due to the choice of the daylight
hours as the evaluation period. However, this is not a fully climate-based approach and cannot be
used as a measure for equal daylight availability for south- and north-oriented rooms over time
under realistic sky conditions. On the other hand, because the climate-dependent methodology is
based on overcast sky conditions, it does ensure that a sensor-point that reaches the target
daylight factor (DF target) will receive a minimum of 300 lux in 50% of the daylight hours on an
annual basis. The spatial distribution of the daylight target was evaluated for a grid of sensor
points with a mask width of 0.2m distributed over the surface of the horizontal work plane at
0.85m above floor level.

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 Figure 2.

0.7 ] — Boundary for overheating

06 // Area with overheating
L — Boundary for clear glazing
051

Possible combinations for exact

// fulfillment of the daylight target

. lllustration of minimum glazing-to-floor
b3 ratio at a given light transmittance
Boundary for glazing with
02k ideal solar control

i

10 15 20 25 30 35
Glazing-to-floor ratio [%)]

Figure 2: Conceptual illustration of contour plot of space heating demand for various g-values
and glazing-to-floor ratios, indicating boundaries for overheating and daylighting.

90f 18



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 relationship,
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 availability. 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 efficiency 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 targets 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 heating
demand. Results are illustrated in Figure 3 for the base case, a room with dimensions of 4m by
4m, but also apply to the other geometries. For the variables considered, the results show that U-
value has only marginal effect on thermal comfort. On the contrary, space heating demand, as
well as the best choice of glazing-to-floor ratio and g-value to reduce space heating demand, is to
a high degree determined by glazing U-value. Orientation is also important in this connection.
Where in general it can be observed that sufficient access to solar gains can reduce space heating
demand significantly, it was found in south-oriented rooms that there is an upper limit for energy
savings and the amount of solar gains that can be utilized. When studying the g-value, Figure 3
shows that the ability to utilise solar gains varies across U-value, but for U-values of 0.5 W/m’K
and below, a relatively pronounced stagnation in the energy savings achieved by increasing the g-
value can be observed at g-values as low as 0.3-0.4. For the U-values 0.7-0.9 W/m’K, the
stagnation occurs at slightly higher g-values, but for g-values above 0.5, increasing the g-value
further will reduce space heating demand by less than 1 kWh/m?”. In north-oriented rooms, where
space heating demand is higher, the benefits of high g-values for reducing space heating demand
decrease with lower U-values and with higher g-values, but in general the importance of a high g-
value remains significant for the whole range of variables investigated.
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Figure 3: Contour plot of space heating demand for various g-values and glazing-to-floor ratios,
indicating overheating and the specified daylight target for a room with dimensions of 4m x 4m
and for different glazing U-values.

Considering glazing-to-floor ratio, an optimum glazing-to-floor ratio of approximately 15-20%
can be found in both north- and south-oriented rooms. For high glazing U-values in south-
oriented rooms, larger glazing-to-floor ratios increase space heating demand, while for glazing U-
values below 0.5 W/m’K larger glazing-to-floor ratios can be chosen freely with respect to space
heating demand. This indicates that the amount of solar gains that can be utilised in well-
insulated buildings can only outweigh the additional heat losses that occur with larger glazing-to-
floor ratios when U-values are low. These findings are in contrast with existing guidelines and
current practice for window design where high g-values and large glazing-to-floor ratios in south-
oriented rooms are recommended.

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, Figure 4 illustrates 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/m’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.
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Figure 4: Contour plot of space heating demand for various g-values and glazing-to-floor ratios,
indicating overheating and the specified daylight target for two different room sizes with a width-
to-depth ratio of 1:1.5 and 1.5:1 and for a glazing U-value of 0.5 W/m’K.

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 perspective 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 heating 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 thermal 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
Figure 5. Figure 5 indicates the glazing-to-floor ratios that can be used in combination with clear
glazing or glazing with ideal solar control (see Section 2.3) without resulting in overheating. The
glazing-to-floor ratios needed to achieve the specified daylight target for each light transmittance
(0.5-0.7) are also illustrated.
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Figure 5: Indication of glazing-to-floor ratios and glazing types that can be used to achieve the
daylight target (DF target) without overheating for light transmittances of 0.7, 0.6 and 0.5 for
various room geometries.

For north-oriented rooms, none of the geometries experience problems with overheating before
achieving the daylight target, even when clear glazings are used. However, in deep rooms facing
north, for example a room with dimensions of 4m x 8m, the target for daylight cannot be met due
to the physical limitations of the geometry. When considering the geometries that can achieve 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].

Figure 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 glazing-to-floor ratio.
However, glazing types with high light transmittances and as high g-values as possible generally
allow for a lower space heating demand than products with lower light transmittances and as high
g-values as possible.

The range of available g-values in south-oriented rooms is slightly larger for high light
transmittances, than for low transmittances. Glazing products with low U-values and high light
transmittances also provide the best fit between the maximum g-values for prevention of
overheating and the g-values at which the energy savings start to stagnate, see Figure 4.
Furthermore, high light transmittances allow the use of smaller glazing-to-floor ratios for
daylighting (within the range of 17-25%). This could be an advantage in cases where less glazing
is desirable due to cost and will also allow for the lowest possible space heating demand if high
U-values are used. In north-oriented rooms, small glazing-to-floor ratios and high light
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transmittances are also preferable for high glazing U-values. At low glazing U-values, flexibility
in choosing a window design increases and larger glazing-to-floor ratios could be used, provided
that clear glazings with high g-values are chosen in north-oriented rooms to reduce space heating
demand.

4 Discussion

The parametric analyses and the charts illustrating the solution space in this study invite for an
open discussion of the link between various design and performance parameters as well as the
possibilities and potential conflicts related to facade window design in ‘nearly zero-energy’
houses. For example, the charts highlight potential design conflicts in deep or narrow south-
oriented rooms, because either thermal comfort or daylighting is compromised when only facade
windows are used. Conflict situations like this can lead to a discussion on the performance
parameters and the chosen targets in the charts, but could also indicate the need for investigations
on other design possibilities, e.g. the use of roof windows in deep south-oriented rooms, or
alternative solutions such as increased venting (for example using cross ventilation) could be
considered. In principle, all the performance parameters and the chosen targets can be tested for
sensitivity to e.g. different insulation thicknesses, different user patterns and adaptive models for
thermal comfort, different ventilation systems and air change rates, and different daylight targets.
The solution space will then also have different characteristics.

In the Danish climate, it was possible to have a window design for certain room geometries
fulfilling the targets for daylighting and thermal comfort without the use of mechanical cooling,
but with the use of permanent solar shading and with a maximum venting rate of 3h". In this
connection, further studies related to other climates and performance parameters should be
considered. For example, in warmer climates, where mechanical cooling might be needed to
avoid overheating, the value of daylighting compared to the energy used for cooling may give
rise to several discussions, such as the relative weight assigned to the performance parameters
and targets. It might then also be relevant to consider whether window sizes should be
dimensioned based on realistic sun and sky conditions.

The target used for daylight evaluation in our study was chosen to reflect a specific location, but
does not take into account realistic sun and sky conditions because it is based on evaluation of the
daylight target under a CIE overcast sky. As a result, glazing-to-floor ratios for providing enough
daylighting were found to be the same for both north and south-oriented rooms. However, due to
prevention of overheating in south-oriented rooms, more flexibility with regard to the choice of
window size and geometries was found for north-oriented rooms than for south-oriented rooms.
For the two orientations to have comparable daylighting over time 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 overheating 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], taking into
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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 fagade window parameters (glazing-to-floor ratio, orientation
and glazing properties) and how these affect energy consumption, thermal indoor environment
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 illustrating a solution space for space
heating demand defined by targets for daylighting and thermal comfort were used to discuss 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:

o 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/m’K are needed before the use of very large glazing-to-floor ratios may lead to
reductions in space heating demand.

o In order to reach the daylight target without overheating in south-oriented rooms,
windows have to be carefully dimensioned 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. Permanent 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 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.
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e 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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