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Multi-objective Optimization of Fenestration Design in Residential spaces - The case of MKB Greenhouse, Malmg, Sweden

Abstract

This thesis investigates the optimization of fenestration design for multi-family apartments,
considering the heating demand, daylight autonomy as well as overheating. A literature review was
conducted to situate the thesis focus within the broader academic field of fagade optimization, and
a specific apartment located in the city of Malmo was chosen as the study object. The results
presented are the outcome of climate-based daylight modelling (CBDM) simulations and dynamic
thermal modelling (DTM) simulations, all of which were integrated in a single script definition
within the visual programming environment of Grasshopper (2016). A significant part of the study
involved the use of an optimization algorithm, to assess multiple fenestration designs based on their
daylighting and heating performance. The optimum window position, size and shape were assessed
as a function of the achieved daylight levels, the energy required for heating, the impact of solar
gains and the amount of overheating time for the studied spaces. Overall, it was shown that the
objectives of heating and daylighting are in conflict in the Swedish context, when the aim is to satisfy
both luminous and thermal needs. In addition, it was shown that the window-to-wall ratio is not
sufficient as information regarding the building performance, as different geometrical aspects of

windows and their position can lead to different results for the same glazing area.
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General

ADDT Annual deficient daylight time
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MIPS Millions of instructions per second

MKB Malmé Kommunala Bostads (Malmoé Municipal Housing Companies)

NS Not specified

NURBS Non-uniform rational basis spline

OA Optimization algorithm



Multi-objective Optimization of Fenestration Design in Residential spaces - The case of MKB Greenhouse, Malmg, Sweden

OFF Office
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DGP Daylight glare probability
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Definitions

Heating

Specific energy use: Annual energy required for heating, cooling, domestic hot water and property
electricity, divided by the zone floor area (annual kWh/m?).

Overheating time: Amount of hours when the operative temperature is higher than a user-set

threshold. These hours are counted only during the time that a studied space is occupied.

Daylight

Daylight Autonomy (DA): “Percentage of the occupied hours of the year when the minimum
illuminance threshold is met by daylight alone” (Reinhart & Walkenhorst, 2001).

Light Dependency (LD): Inverse of DA and is equal to 100 % - DA. It represents the percentage of
the occupied hours of the year when electrical light sources are required to maintain a minimum

illuminance threshold when it cannot be met by daylight alone.

Daylight Factor (DF): Ratio of the daylight illuminance on a given surface to the simultaneous
illuminance, expressed as a percentage, under an unobstructed CIE Standard Overcast Sky
(Tregenza & Wilson, 2011).

DF Uniformity Ratio (UR): Ratio of the minimum DF to the average DF of all points of a given
daylight measurement grid. By definition, uniformity of daylight levels is calculated as the

uniformity of absolute illuminance E across the measurement points of a given grid.

Useful Daylight Illuminance (UDI): Percentage of the occupied hours of the year when
illuminance lies within one of the three illumination ranges: 0-100 lx, 100-2000 lx, and over 2000 Ix
(Nabil & Mardaljevic, 2006). It provides information not only on useful daylight levels, but also on

excessive levels that could be the cause of glare or unwanted solar gains.

Overlit Area (OA): Percentage of area that is considered overlit. It is based on the Daylight
Availability (DAV), a metric proposed in 2010 that is meant to combine DA and Useful Daylight
[Nluminance (UDI) into a single figure (Reinhart & Wienold, 2011). Daylight Availability measures
the percentage of occupied time in a year when the illuminance is ten times higher than a user-set
threshold. The intension is to detect areas with oversupply of light that could be the cause of
discomfort glare or overheating. A warning is invoked when DAYV exceeds 5 % of the occupied
time. From there, the Overlit Area is defined as the quotient of the number of sensor points with a

warning, divided by the total number of sensor points in the room under study.



“Let there be more light”

A Saucerful of Secrets

Pink Floyd
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1 Introduction

This thesis assesses the trade-offs between heating and daylighting when considering fenestration
solutions for residential spaces. Of all the parameters affecting heating, cooling and lighting of
buildings, fenestration is the most freely controlled by the architectural team. The decision on a
specific design must be made during the early design stage, as it can shape the overall building
performance dramatically.

In 1929 the prominent architect Le Corbusier said: “The history of architectural material... has
been the endless struggle for light... in other words, the history of windows.” Today, architects
should consider not only the amount of light that can be admitted through the fagade, but also the
amount of heat that will subsequently exit the building, as windows constitute the weakest thermal
barrier between the indoor and outdoor environment. Taking heat into consideration is an absolute
necessity in countries like Sweden, where the outdoor air temperature remains beneath the comfort
zone most of the time.

This conflict between heating and daylight objectives has been mentioned by researchers in the
context of energy codes and certification system requirements. Mardaljevic, Heschong and Lee
(2009) argued in a seminal paper that practitioners encounter recommendations for target daylight
factor (DF) values that result in over-glazed buildings with excessive solar gain and/or heat loss.
The Heschong Mahone Group (2003) monitored six building spaces that did not achieve the LEED
criteria of an average DF of 2 % and found that even with high transmission glass, the window area
would need to have been increased to such an extent that the spaces would not pass the energy code
performance requirements.

Due to the geometrical complexity involved in fenestration studies, many researchers have utilized
evolutionary-based optimization algorithms to find solutions that can satisfy both energy and
daylighting goals. This type of facade optimization has been investigated numerous times and in
general, the related work has shown that thermal and luminous needs can be satisfied with more
than one facade solutions. Following this logic, this thesis provides architects the tools to select
designs from a range of solutions. The intention is to guide design choices based on simulation
results processing and evaluation, rather than on architectural intuition or conventional wisdom.

1.1 Goal definition
The aim of this thesis is to assess: a) the trade-offs between heating and daylighting due to different

fenestration choices, and b) the inter-dependence between daylight performance indicators used
today, and their possible benchmark values in residential buildings. To facilitate this goal, a case

study was chosen: the MKB Green House project in Augustenborg, Malmo.

Achieving both objectives simultaneously requires a time-consuming amount of iterations between
different fenestration solutions. The use of an optimization algorithm lies at the core of this study
as a form-generative tool. The amount of result data of such sophisticated optimization tools can
be significant and difficult to assess. This study is also focusing on reducing simulation time and

design iterations by making proper simplifications without compromising the validity of results.
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1.2 Background

Design optimization problems of window size and position on the facade have been investigated in
the past, with regard to energy and visual comfort criteria (Torres & Sakamoto, 2007; Zemella, et
al., 2011; Ochoa, et al., 2012; Shan, 2013; Manzan & Padovan, 2015). The interdependence between
heating and daylighting has received much attention during the last ten years, as the computational
power has increased and the recent simulation software developments paved the way to

unprecedented possibilities for designers and architects.

1.2.1 The importance of efficient fenestration design

The window-to-wall ratio (WWR), the properties of glazing and the way windows are arranged on
the facade are variables of fenestration design. These variables can have a significant effect on

different functions of windows.

Among the different functions of windows, daylight admission is the most appreciated, especially
in regions where the overcast sky is the dominant sky condition. Acosta et al. (2013) investigated
different window geometries and positions under overcast sky conditions. They concluded that
windows located higher up result in deeper penetration of daylight in space. They also compared
the daylight conditions with using horizontal or vertical windows of the same glazing area, and

concluded that the horizontal ones have a higher potential in increasing the average daylight factor.

At the same time daylight is related to health aspects and has been associated with reduction of
absenteeism and fatigue, decrease of Seasonal Affective Disorder (SAD) and other depressive
symptoms, and it can improve human skin conditions and vision (Aries, et al., 2015). It is therefore

necessary to increase daylight to a certain extent, to ensure the occupants well-being.

Fenestration design also serves the necessity for a view towards the external environment. In a post-
occupancy evaluation for 20 office buildings in Denmark, Christoffersen et al. (1999) stated that
when asked to choose the three things they liked more about windows, the occupants reported the
possibility to look out, the ability to know the weather, and the advantage of letting in fresh air. All

pre mentioned advantages are dependent on the position and size of windows.

Electrical lighting use is likely to decrease with a wise fenestration design. Past studies have shown
that ensuring the penetration of daylight throughout the interior of buildings can keep the energy
use for lighting to a minimum (Gago, et al., 2015). Du et al. (2014) investigated the impact of
window-to-floor ratio (WGR) on Swedish and French houses and concluded that daylight

utilization could result in a reduction of one third of the electric lighting demand.

There is also a potential to decrease heating and cooling energy, by exploiting passive solar gains
through the optimum position and orientation of the fagade openings. Relevant research showed
that daylight utilization has the potential to decrease the cooling demand of spaces, without

increasing the heating demand and that orientation, shading, glazing size and the U-Value are the

12



Multi-objective Optimization of Fenestration Design in Residential spaces - The case of MKB Greenhouse, Malmg, Sweden

most important parameters during the heating season (Bulow-Hube, 2001; Gunnlaug, et al., 2016).
Persson et al. (2006) showed that for highly insulated houses in Sweden, relatively small windows
should be placed in a south orientation while it is possible to use larger windows towards north as

overheating is the main parameter influencing design.

1.2.2 Multi-objective optimization for fenestration design

In fenestration design schemes, multiple variables need to be considered in order to satisfy the often
conflicting functional requirements of the fagade. The range of possible solutions given to a specific
problem plotted in a Cartesian space is called the solution space. Bader and Zitzler (2008) stated
that the simulation time increases exponentially with respect to the number of variables considered.
Figure 1 exemplifies this growth for six variables of a five-step range each. The increase of

complexity indicates that it is difficult to map the entire solution space using conventional methods.

Therefore, when faced with a large number of iterations, simplifications are traditionally made.
However, dividing the solution space into regions by introducing parameters in a stepwise manner,
the designer runs the risk of not exploring the total solution space. Parameters in facade design have
a high degree of interaction, emphasizing this problem. As stated by Caldas and Norford, (2002)
the process of iteratively evaluating large solution spaces is slow and typically only a limited number

of solutions are examined and therefore alternative methods are required.

In recent years, the use of optimization algorithms (OA) have become increasingly popular in
various disciplines dealing with optimization. OAs can find minimum values of mathematical
functions, for instance, the minimum WWR to achieve a given daylight level. Genetic algorithms
(GA) are one subtype of optimization algorithms that were outlined for the first time by Turing
(1950). According to Zemella et al. (2011), GAs have been proved to facilitate performance based
facade design optimization efficiently. During a GA process, a set of initial solutions (a generation)
is calculated based upon randomly generated variables. These solutions are assigned a “fitness
value” representing performance with respect to an evaluated objective. The most successful
solutions are then used to produce a subsequent set of solutions. This process continues until a
solution, or set of solutions are found that match the user-defined criteria. This way, the algorithm
can provide not only the best solution but also a range of sufficient and diverse solutions for the

designer to select among them based on specific requirements that cannot be quantified.

Dynamic thermal and daylighting simulations are computationally intensive tasks. GAs can
accelerate the optimization process but they require a substantial amount of iterations to yield
conclusive results. State-of-the-art programming environments can automate multiple iterations,
which has recently led architects to explore the field of GAs. This widespread adoption coincides
with the increase in computational power, commonly measured in MIPS (millions of instructions
per second). Figure 2 shows the evolution of computational power (Wikipedia, 2016) and the

amount and date of relevant publications that were investigated for this thesis.
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Figure 1: The exponential growth of Figure 2: Computational power increase and amount
solutions as a function of the variables. and date of publications reviewed in this thesis.

As pre mentioned in section 1.1, studies that use GAs extract a large number of output data. A
common practice is to use a Pareto front to facilitate the processing and presentation of results. A
Pareto front allows one to understand the trade-offs between conflicting objectives of design
solutions that are said to be “Pareto optimal solutions” (Burke & Kendall, 2005). A solution is called
Pareto optimal (or non-dominated), if none of the objectives can be improved, without degrading
the other objective. Futrell et al. (2015) have utilized Pareto fronts to evaluate the trade-offs between
thermal and daylighting objectives for a single classroom in Charlotte, North Carolina, while
varying windows size and glazing properties. They stated that the Pareto front indicates the amount
of conflict between the objectives. For their case, the north among all orientations proved to have

the largest conflict between heating and daylight.

1.2.3 Literature review

The following literature review was conducted prior to studying the fenestration design alternatives
for the MKB Greenhouse in Augustenborg, Malmo, to situate the thesis focus within the broader
academic field of fagade optimization. A total of 22 relevant journal articles and conference papers
were tracked by utilizing the LUBsearch engine, provided by Lund University library domain (Lund
University, 2016). LUBsearch is a collective entry point to all academic joint resources that includes

journal articles, conference publications, doctoral theses and books.

To establish the research framework, specific keywords were used to track the aforementioned
publications, which included “optimization” or “multi-objective optimization” and “fenestration”
or “facade” or “windows”. The selection included only articles and papers that were published after
2000, to focus more on the state-of-the-art studies. All of these cases used simulation software to

carry out their work, and no field measurements were reported.
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An organizational pattern of the reviewed publications is presented in Table 1. In brief, it shows the

study object of each of the 22 publications and the extent to which they included: i) different

optimization objectives, ii) different daylight metrics, iii) usage of an optimization algorithm, iv)

usage of Pareto fronts, v) different fenestration parameters (window position or distribution,

WWR, orientation and glazing properties).

Table 1: Organizational pattern based on the publications extent of research.

Fenestration variables

Study . Daylight Optimization Pareto — _
Author, year . " Objectives 3 " Position ; . Glazing
object metrics algorithm  front =~~~ WWR Orientation i
Distribution properties

Gagne & Andersen, 2012 NS D E, DGP v v v v v v
Houetal., 2014 RAI $,H,C,D UDI v v v v v .
Caldas, 2007 NS §,L.H,CLC E v v v v v -
Futrell et al., 2015 CLA H,D UDI v v = v v v
Konis et al., 2015 OFF L,H,C,D UDI v v = v v =
Torres & Sakamoto, 2007 NS D DGP v = v v . v
Mangkuto et al., 2016 OFF L,D DF, UR, DA, UDL DGP - v - v v @
Caldas & Norford, 2002 NS L,H,CD E v - - v v -
Wright & Mourshed, 2009 COM L,H,C - v " v v . -
Shen & Tzempelikos, 2011 OFF L,H,C,D DA, UDI - - = v v v
Znouda et al., 2005 NS $,H,C - v - - v v -
Zemella et al., 2011 OFF L,C,D E v v - - - v
Lartique et al., 2014 RES H,CD E v v - v - v
Hu & Olbina, 2014 NS HCD UDI - - - v - v
Ochoa et al., 2012 OFF L,H,C,D E, DGI, UDI - - N v v .
Ghisi & Tinker, 2004 NS LHCD DF - g 5 v v %
Shan, 2013 OFF L,H,C,D E v e = v s
Manzan & Padovan, 2015 OFF H,C,D UDI v v B = g =
Rakha & Nassar, 2011 NS D UR v - s = = =
Wang et al., 2004 OFF  §,Env = v v . " 2 -
T'uhus-Bubrow & Krarti, 2009| RES  $,H,C = v o 3 . " -
Wright et al., 2002 HVAC $,H,C - v v = = % -

Study object - NS: Not specified RAI: Railway station CLA: Classroom OFF: Office COM: Commercial RES: Residential
Objectives - D: Daylight H: Heating C: Cooling L: Lighting $: Cost

Daylight metrics - E: Tlluminance DGP: Daylight glare probability UDI: Useful daylight illuminance DF: Daylight factor

UR: DF Uniformity ratio DA: Daylight autonomy

The latter five studies did not include window variables, but were useful for this thesis in terms of

developing an optimization algorithm. The studies that varied fenestration parameters were 17 in

total. The following can be concluded by examining all studies in Table 1:

1. Among the studies that iterated fenestration variables, 71% used an optimization algorithm

to generate the different design solutions.

2. Among the studies that used optimization algorithms, 63% used Pareto fronts to illustrate

the solution space.

3. Most of the studies were conducted for office space characteristics and requirements.

Among the fenestration variables, WWR was the most commonly used when iterating

between window alternatives (94% of studies).
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5. The least used fenestration variable was the window position (five of 17 fenestration
studies).
Most of the studies included one or two daylight metrics for the optimization process.

7. Iluminance (E), was used as a daylight metric in 47% of the cases, and UDI was used in
41% of the studies.
DA was used in only two out of the seventeen studies that varied fenestration parameters.
The objectives of heating, cooling and lighting were coupled with a daylight objective in a
similar frequency.

10. Conflicting daylight metrics were not assessed by means of an optimization algorithm,

except for one study.

The aforementioned points defined partly the thesis workflow. It was observed that optimization
algorithms were used by studies where multiple objectives and/or multiple fenestration variables
were considered. The presentation of results was facilitated in these cases by the use of Pareto fronts

to illustrate the trade-offs between different objectives for a large number of solutions.

By examining the scope of each study, it was possible to define the research gap that this thesis
addresses. Past studies have mainly analyzed office spaces, which makes it interesting in this case,
since the daylight utilization is directly connected to the electricity used for lighting. Residential
spaces require different daylight criteria to be fulfilled, and their inhabitants can occupy different
rooms during different hours throughout the day. This was not examined in the reviewed studies.
The vast majority of the studies used the WWR as a variable, and only a few examined the impact
of the window position. This variable was used in this thesis, as it can allow for different daylight

penetration depths for a constant WWR.

The interdependence between different daylight metrics was assessed comprehensively only in one
recent study (Mangkuto, et al., 2016). The common practice among most studies was to analyze the
illuminance and/or the UDI levels for the studied object. While choosing the UDI seems an efficient
way to proceed with the optimization, Reinhart & Weissman (2012) argued that the DA metric
could correlate more with the architects’ assessment of daylight availability in space. In their study,
they compared the amount of daylit area (m?) of a one-story studio space calculated in two ways:
a) simulated using different daylight metrics and b) calculated by 60 architectural students using
their intuition upon observing the space. The results of the two ways converged more when daylight
autonomy was used as the daylight metric. Nevertheless using as many daylight metrics as possible

can ensure that daylight availability and visual comfort are studied more thoroughly.

Fenestration design optimization has received more attention in the past six years, when it comes
to deploying GAs in the process. The literature review showed that an optimization algorithm to
provide solutions for residential facades and to assess more daylight metrics is something that is
missing from the research field. Although form finding has been the subject of numerous
publications, previous attempts did not concern the fenestration of complete residential spaces,

where the required illuminance is a function of time, as different rooms are occupied during
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different times of the day and have a different orientation. Nevertheless, there were examples of

work that dealt with the same issues addressed in this thesis.

The following subsections elaborate more on six of these studies. They were selected based on their

relevance with the thesis goals as they were defined in section 1.1.

1.2.3.1 Heating and daylighting optimization related work

Futrell et al. (2015) presented a bi-objective optimization method to solve the problem of the
conflicting objectives of daylighting and heating for a classroom in North Carolina, USA. Their
main objective was to maximize daylighting while retaining the energy performance of the building,
for different configurations of windows in different orientations. They chose to use UDI as a
daylight metric because unlike other metrics it has a defined illuminance range, which makes it
possible to consider both daylight availability and discomfort glare potential. UDI was then
optimized against the thermal load of the classroom, which was defined as the required heat transfer
to the room air, in order to keep the air temperature at a setpoint temperature. This load considered
internal gains of occupants, equipment and lighting, infiltration and ventilation, and the convected

heat transfer from the classroom surfaces.

Optimization was conducted for three scenarios. One for maximizing daylighting, one for
minimizing the thermal load and one for both. Among their findings, the amount of glazing for
different orientations was shown to depend on the objective of optimization. When maximizing
UDI, the east windows were larger than the south ones. When minimizing the thermal load, the
south windows had to be the largest ones, showing that it was the only orientation exploiting passive
solar gains during winter. The north orientation resulted the largest amount of conflict between the
objectives, which showed that achieving UDI through northern windows could have severe

consequences on the thermal load and vice versa.

Latrique et al. (2014) investigated the optimization of a dormitory room in Pittsburgh, USA, with
respect to the objectives of heating, cooling and daylighting. The room had one exposed fagade, for
which the WWR was iterated in steps of 1% starting from 10% up to 60%. For each WWR, a set of
13 different window constructions was assigned, leading to 663 different cases. Two of the
objectives were set as a) the annual heating demand in kWh and b) the annual cooling demand in
kWh. The third objective, daylight, was formulated according to the authors as the Annual
Deficient Daylight Time (ADDT). ADDT is the sum of all hours during one year when the
illuminance is lower than 3001x, meaning the hours when electric lighting is needed to sustain the
desired illuminance level of 3001x. The optimum cases were the ones that could minimize all three

objectives.
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The results of this study defined the range of WWR where each window type could achieve an
optimum trade-off between the objectives. The window type with the lowest U-Value (0.71
W/m?K) could reach an optimum trade-off for a wide range of WWR. A high range of WWR was
also achieved by the window type with the highest U-Value (2.89 W/m?*K). This was because of its
high visual transmittance that increased the daylight levels. Other window types were optimal only
for one WWR, which is useful information if a specific WWR already exists and the window type

is to be selected, as in renovation projects.

The authors provided a range of solutions that allowed reaching the optimum trade-off between
heating, cooling and daylight. This is useful in the sense that it allows a decision maker to have a set
of efficient alternatives, and to choose amongst them based on his/her personal considerations,

geometrical constraints or cost parameters.

1.2.3.2 Studies related to the interdependence between daylight metrics

In a recent study that considered the optimization of fenestration for office buildings in the tropical
climate, Mangkuto et al. (2016) investigated the influence of WWR, wall reflectance and window
orientation on different daylight metrics. Each of these variables was given a range of discrete
values, which generated a large number of configurations that were assessed in terms of DF, UR,
DA, UDI and DGP. The daylight metrics were investigated in pairs, to assess their interdependence.
Through a sensitivity analysis, Mangkuto et al. concluded that the WWR is highly influential on all
daylight metrics except the UR, which is mostly affected by the interior surface reflectance. In
addition, surface reflectance had the highest relative impact on the electrical lighting use.
Orientation significantly affected only the DGP. Considering the freedom of occupant position in

residential spaces, the DGP was not considered in this thesis.

Plotting pairs of daylight metrics in diagrams, the study concluded on the following findings: The
DF was proven proportional to the DGP. In the cases of south and north orientation, DGP would
increase slower as a function of DF, than in the west and east. South and north were orientations
where DGP could be lower than the maximum benchmark set by the study, which was 50% of the
time with a DGP over 0.35'. DA was also proportional to DGP and south and north orientations
were the best choices to avoid discomfort glare. Comparing UDI with DF it was shown that higher
UDI-accept values could be achieved when the DF was low. Among limitations and future work,
Mangkuto et al. noted that different window configurations of equal WWR could lead to different
daylight performance. The latter is assessed in the present thesis.

Gagne & Andersen (2012) presented a GA-based optimization tool that generates fenestration

designs considering two objectives: a) the illuminance levels and b) the glare probability. The tool

! The probability of discomfort glare appearance in daylit spaces (Wienold & Christoffersen, 2006).
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creates solutions based on criteria set by the user, and generates 3D-models with the purpose to be
used as a starting point in the design process. The user inputs an initial massing geometry and
specifies the areas where illuminance and glare sensors are placed. From there, the user inputs a
desired illuminance range across the corresponding sensors, and a range of glare tolerance. The
latter two are the values corresponding to the objectives of the optimization algorithms. The tool
generates windows, overhangs and vertical fins to create a large amount of solutions, which are

assessed in the final stage based on the optimum trade-offs between the objectives.

Gagne & Andersen formulated an optimization algorithm that considered all fenestration variables
shown in Table 1 of section 1.2.3. They went one step further by solving for an entire building,
meaning that facades of all orientations were optimized. Due to this aspect, they included the
additional constraint that all facades should have a uniform aesthetic (windows head height, sill
height etc.).

Among the different results, the shading fins and window areas present a correlation with the
architectural methods commonly used in fagade design. East and west oriented facades were
generated by the algorithm with vertical fins beside the windows to avoid glare. The researchers
also stated that designs with larger window areas and horizontal overhangs present a higher risk for
glare, especially on east and west orientations. The illuminance objective was satisfied with larger
windows, whereas the glare objective was met with smaller and more numerous windows. Overall,
this tool has the advantage of informing the designer on possible facade designs that will perform

better than other alternatives, already in the initial design stage.

1.2.3.3 Genetic Algorithm considerations

Hou et al. (2014) presented a three-objective optimization study to minimize the energy use and
facade capital cost while maximizing the UDI for a railway station located in northern China. They
iterated window configurations for the east and west facades of the building, as well as skylight
configurations for the flat roof. The facades and roofs were divided into a grid, which constituted
possible positions for the openings. That way, the algorithm could assess different WWRs but also
different window positions for equal WWRs.

This study was of particular interest, since it deployed a methodology similar to the one used in this
thesis. The researchers mostly investigated the optimization algorithm settings, which provided

useful information for this thesis.

The study reported that elitism should be used to save the promising solutions during the
optimizations process. Elitism defines which part of the solutions is sustained in the process. It was
also stated that the most important operators dictating the algorithm logics are the mutation rate
and the crossover rate. Mutation means searching the solution space as much as possible, whereas
crossover controls the convergence of the objectives on the better solution. If the mutation rate is

low, iterations between possible window design scenarios will not be generated to a full extent,
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posing a risk for the algorithm to converge to a local optimum solution. If the crossover rate is low,
then designs will be generated but no convergence towards optimum solutions will be applied,
which can reach to resulting diagrams of no particular indication as to which designs are the

optimum ones.

1.2.3.4 Summary

The reviewed studies helped situate this thesis focus within the broader academic field of facade
optimization. It was shown that different fenestration solutions satisfy different needs, and that
optimization approaches can yield conclusive yet sufficiently diverse designs, based on the

objectives under optimization.

The interdependence between optimization objectives was shown to vary based on window size,
type, position and fagade orientation. This led to specific decisions regarding the structure of the
methodology. Most importantly, the selection of the variables and objectives under study. A
geometric aspect of fenestration that was missing was the window position, and was therefore
included in the parameters investigated in the present thesis (window head height, sill height and

distance from the end of the facade).

The literature review also outlined the existing simulation tools to develop an optimization
algorithm. This thesis borrows interesting approaches on how to combine different simulation
engines to an overall platform, and how to process data in communicative ways for the reader. The
latter is achieved by plotting the Pareto optimal solutions in different diagrams, to monitor the
performance of these solutions on other variables such as the average DF or the uniformity ratio
UR.

Finally, all the aforementioned studies helped shape the thesis hypothesis and specific research
question: Can we define fenestration solutions that admit the highest possible daylight and yield
the lowest possible heating demand at the initial design stage? It seems that the question has been
investigated thoroughly in the past, but the answer is dependent on specific variables. What remains
now, is to select the specific building type, the important fenestration parameters and the necessary

optimization objectives.
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1.3 Scope and limitations

Prior to reading this thesis, the following should be considered:

1.

10.

11.

No field measurements were conducted in the studied spaces. All results are outcome of
simulations.

Only two apartments were studied, more specifically, the west and east facing apartments
located on the 12™ floor.

No energy declaration or simulation results were available for information on each room
of the studied apartments or on each apartment. NCC (2014) provided a preliminary
documentation regarding the energy performance, which includes the overall building.
Each apartment geometry was simplified by using a reduced amount of surfaces, to yield
shorter simulation times and to create convex zones. The latter was a necessity of the energy
model, described further down.

No surroundings were considered for the daylight model. The studied apartments are
located 36 m above ground level, with no obstructing objects in the field of view.
Nevertheless part of the horizon is actually obstructed, but the obstructions were not
modelled, as they would have a high impact on simulation time.

No vegetation was considered in the areas of the closed and open balconies.

No shading devices were included in the study.

The spectral properties of light were not considered. All opaque surfaces of the daylight
study were considered grey, i.e. with the same RGB value and consisting of totally diffuse
materials.

No detailed HVAC components were designed in the energy model (Heating/cooling coils,
fans, heat pumps, ducts etc.).

The optimization algorithm was set to use discrete values for window parameters, which
leads to a non-continuous solution space.

Optimization was performed in the time constraints of this thesis. Further optimization

could potentially yield better performing solutions.
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2 Methodology

The present study investigates fenestration solutions for two apartments located in the Greenhouse
project in Augustenborg, Malmo, Sweden (latitude=55,60°, longitude=13,00°). Fenestration
designs were generated to evaluate the trade-offs between the objectives of daylighting and heating.
In order to achieve this, climate-based daylight modelling (CBDM) and dynamic thermal modelling
(DTM) tools were combined into a single simulation set-up. The following sections describe the
daylight and energy models of this set-up. Finally, the necessity for a high number of fenestration

alternatives led to the use of a genetic algorithm, which is described further down.

2.1 Studied apartments
The Greenhouse apartments are located in the eco-city Augustenborg. In 1998, the City of Malmo

initiated an urban renovation process in the Augustenborg neighborhood under the name of the
Eco-city project. This area from the fifties was transformed during the past 15 years into a
sustainable district at the forefront of the climate change adaptation and environmental movement.
The Eco-city approach aimed at regenerating the formerly degraded area by transforming it into a

living space of ecological, social and economic sustainability.

Augustenborg now condenses MKB, Malmo6 municipal housing companies, with a cutting-edge
project to reduce the climate impact. The so-called Greenhouse apartments are part of this
endeavor. In the project, it was decided to combine Green Building classification “gold” with FEBY
(2012), the Swedish passive house standard. This type of apartments provide a representative case
study, illustrating how different requirements may contradict each other in the design process.
Figure 3(a) shows a rendering of the apartments. The two investigated apartments 1 and 2 are

located on the 12* floor, as shown in Figure 3(b). Figure 4 shows the plans of the apartments.

(b)

1. Northwest (NW) apartment: 68 m*
2. Northeast (NE) apartment: 68 m*

3. South (S) apartment: 85 m*

Figure 3: (a) Rendering of the Greenhouse apartments (Image: Jaenecke Arkitekter AB), (b) The
studied floor division in apartments.
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Figure 4: Plan layout of northwest (NW) apartment 1 and northeast (NE) apartment 2.

The two apartments have an equal area of 68 m?> each and almost identical plan layouts. Minor

differences include the kitchen layout and the elevator size. The study considered a single simplified

layout for both apartments, as described under the following sections, where apartment 2 is a mirror

of apartment 1. The only difference accounted for this study is the orientation. The south apartment

was not included in this study, as it has a completely different room distribution.

2.2 Daylight dependent variables

This section gives the definitions of the daylight dependent variables used in this thesis. Light

Dependency was used as an objective during the bi-objective optimization between daylight and

heating. The rest of the variables were monitored to investigate their correlation. This correlation

was examined after the bi-objective optimization process.

Daylight Autonomy (DA): Daylight Autonomy is the percentage of the occupied hours of
the year when the minimum illuminance threshold is met by daylight alone” (Reinhart &
Walkenhorst, 2001). For this thesis, the average daylight autonomy was calculated for a
threshold of 150 Ix (DA150Ix) for the Living Room zone and a threshold of 50 Ix (DA50Ix)
for the Bedroom zone. The Illuminating Engineering Society of Northern America
(IESNA) suggests horizontal illuminance thresholds depending on specific
applications/tasks (IESNA, 2011). Using these recommended illuminance levels for
different tasks conducted in the Living Room and Bedroom zones, the aforementioned
thresholds were set as an average requirement (see APPENDIX A for details on
recommended illuminance levels). The DA schedule was identical to the occupancy
schedule described further down, only not including the sleeping hours for the Bedroom

zone.
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- Light Dependency (LD): Light Dependency is the inverse of DA and is equal to 100 % -
DA. It represents the percentage of the occupied hours of the year when electrical light
sources are required to maintain a minimum illuminance threshold when it cannot be met
by daylight alone. This metric is used in the genetic algorithm, since the algorithms’
architecture is programmed to converge towards solutions with minimum objective values.
In other words, the genetic algorithm tries to minimize the objective under question, in this
case, the Light Dependency. In short, the genetic algorithm is working on increasing the

Daylight Autonomy by minimizing Light Dependency.

- Daylight Factor (DF): The Daylight Factor is the ratio of the daylight illuminance on a
given surface to the simultaneous illuminance from the whole sky, expressed as a
percentage, under an unobstructed Standard CIE Overcast Sky (Tregenza & Wilson, 2011).
It therefore does not consider the sun position, meaning that it cannot detect differences in
daylight between orientations or between different points in time, which was required for
this thesis topic. Nevertheless, the overcast sky condition in Sweden is very common and
thus dictated that this metric should be considered as well. Furthermore, at the time of
writing this thesis, certification systems such as Miljobyggnad (2016), BREEAM (2014) and
LEED (2016) proposed set criteria based on this metric.

- DF Uniformity Ratio (UR): The UR is the ratio of the minimum to average DF of all points
of a given measurement grid. This ratio can be used in addition to the DF, to assess whether
there are unevenly daylit areas across the studied space or not. Normally in literature, the
method to define uniformity of daylight levels in space is to calculate the ratio of the
minimum to average absolute illuminance E (Ix), and not DF. Nevertheless, the results of
the two methods are identical. High UR normally avoids large contrasts and glare but

complete uniformity should be avoided as it can create dull lighting conditions.

- Useful Daylight Illuminance (UDI): Percentage of the occupied hours of the year when
illuminance lies within one of the three illumination ranges: 0-100 1x, 100-2000 lx, and over
2000 Ix (Nabil & Mardaljevic, 2006). It provides information not only on useful daylight

levels, but also on excessive levels that could be the cause of glare or unwanted solar gains.

- Overlit Area (OA): This variable indicates the percentage of area that is considered overlit.
It is based on the Daylight Availability (DAV), a metric proposed by Reinhart & Wienold
(2011) that is meant to combine DA and Useful Daylight [lluminance (UDI) into a single
figure. Daylight Availability measures the percentage of occupied time in a year when the
illuminance is ten times higher than a user-set threshold. The intension is to detect areas
with oversupply of light that could be the cause of discomfort glare or overheating. A DAV
exceeding 5 % of the occupied time is considered unacceptable. From there, the Overlit
Area is defined as the quotient of the number of sensor points with unacceptable levels,

divided by the total number of sensor points in the room under study.
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2.3 Energy dependent variables

This section describes the energy dependent variables of the study, and the energy standards used
to evaluate the performance of different fenestration designs. Two dependent variables were
studied:

- Specific energy use (annual kWh/m?): It is the annual energy required for heating, cooling,

domestic hot water and property electricity, divided by the zone floor area.

- Overheating time (hours): The amount of hours when the operative temperature is higher
than a given threshold. These hours are counted only during the time for which the studied

spaces are occupied.

2.4 Software

Due to the complexity of the parameters under study, different simulation engines were combined
under the same platform. This way, a single simulation run was possible to provide result data
regarding multiple objectives, including daylighting, heating and electrical lighting. The simulation
model was created in the Grasshopper™ environment, which is a visual programming language
integrated in the Rhino3D™ modeler (Grasshopper, 2016; Rhinoceros, 2016). Below is a brief

description of the different software and simulation engines used in this thesis:

- Grasshopper: Grasshopper (2016) is a visual programming editor that operates as a plug-
in for Rhino3D. Combined with Rhino3D, Grasshopper provides the capability to have
precise parametric control over geometrical models. In addition, different simulation
engines and plugins can be integrated in the Grasshopper platform, serving as a link
between geometries and daylight-, energy- or lighting simulation tools. (see APPENDIX F
for plugins used). The use of Grasshopper lies at the core of this thesis.

- Rhino3D: Rhino3D is a free form surface modeler that utilizes the non-uniform rational
basis spline (NURBS) mathematical model (Wikipedia, 2016). By creating NURBS curves
and surfaces, the user can have great control over shapes that can be recognized by different

CBDM and DTM software as input geometry.

- Radiance: Radiance is a suite of programs for the analysis and visualization of lighting in
design (Fritz & McNeil, 2016). It uses a hybrid Monte Carlo and deterministic ray-tracing
approach and is one of the most advanced daylight/lighting simulation engines. Radiance
has been validated to a high extent (Jarvis & Donn, 1997; Aizlewood, et al., 1998; Ubbelohde
& Humann, 1998; Mardaljevic, 1999; Iversen, et al., 2013). Dubois (2001) documented
work on Radiance rendering settings in her PhD thesis that was useful for setting the model

for accurate and time-efficient daylight simulations.

- EnergyPlus: EnergyPlus is a whole-building energy simulation program that can calculate

heating, cooling, ventilation, lighting, plug and process loads and water use in buildings
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(U.S. Department of Energy, 2015). EnergyPlus is used as a simulation engine for different
DTM tools, and has been fully validated (Chantrasrisalai, et al., 2003; Tabares-Velasco, et
al., 2012; Pereira, et al., 2014).

- Daysim: Daysim is a validated, Radiance-based daylighting analysis software that models
the annual amount of daylight in and around buildings. It is the first CBDM simulation
engine created, and it uses the daylight coefficient approach (Mardaljevic, 1999) combined
with the Perez Sky model (Perez, et al., 1993) in order to provide annual daylight
performance evaluations. DAYSIM also generates hourly schedules for occupancy, electric
lighting loads and shading device status, which can be directly coupled with thermal

simulation engines such as EnergyPlus (Reinhart, 2016).

- Honeybee: Honeybee is an open source plugin for Grasshopper and Rhino3D that helps
explore and evaluate environmental performance. Honeybee connects the visual
programming environment of Grasshopper to four validated simulation engines -
specifically, EnergyPlus, Radiance, Daysim and OpenStudio - which evaluate building
energy consumption, comfort, and daylighting (Sadeghipour Roudsari & Pak, 2013). This
plugin enables a dynamic coupling between the flexible, component-based, visual
programming interface of Grasshopper and the validated environmental data sets and
simulation engines (Sadeghipour Roudsari & Pak, 2013). Honeybee is used in this case to

conduct the daylight, electric light and energy simulations.

- Ladybug: Ladybug is an open source plugin for Grasshopper and Rhino3D that connects
Grasshopper with the same simulation engines as Honeybee does. Ladybug imports
standard EnergyPlus weather files (*.epw) into Grasshopper and provides a variety of 3D
interactive graphics to support the decision-making process during the initial stages of
design (Sadeghipour Roudsari & Pak, 2013). Ladybug was only used complementary to
Honeybee. It was required in order to import standard epw weather files and to read

EnergyPlus surface results.

- Octopus: Octopus is a multi-objective evolutionary algorithm that operates in the
Grasshopper environment. It is a plug-in for applying evolutionary principles to parametric
design and problem solving. It allows the search for many goals at once, producing a range
of optimized trade-off solutions between the extremes of each goal (Vierlinger, et al., 2016).

The octopus-explicit plug-in was utilized for setting up the genetic algorithm.

A graphical representation of the interconnection between the aforementioned software is shown
in Figure 5. The workflow included the design of the initial geometry within Rhino3D, importing
it into Grasshopper and from there, connecting all simulation engines via Honeybee to form a single
simulation script. Part of this script was the octopus genetic algorithm to produce and evaluate
different fenestration designs in terms of the objectives of low heating demand and low light

dependency.
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Figure 5: Optimization algorithm workflow.

The apartment geometry with an initial fenestration design were input in Grasshopper. Using
Honeybee components inside Grasshopper, the simulation engines of Radiance, Daysim and
EnergyPlus were connected to the geometry, assigning different zones and surface properties. The

different dependent variables calculated by each simulation engine are described in the following
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sections of this thesis. During the operation of the algorithm, each simulation was followed by
another one with an altered fenestration design. Prior to proceeding to the next simulation, the
genetic algorithm provided by Octopus-explicit was used to generate a subsequent fenestration
design for assessment. This was based on two optimization objectives (Lighting dependency and
annual heating demand). Details about the interior architecture and the logics of the genetic
algorithm are presented further down. After each simulation, results were recorded in Excel sheets.
In the end, the resulting data was processed by reading these Excel sheets and managing their

information using Grasshopper components.

2.5 Daylight model

The daylight study was conducted for the parts of the apartments that have external walls, where a
fenestration design was investigated. Daylight measurement grids were therefore placed in the
bedroom and living room of apartments 1 and 2. This section only presents the settings for
apartment 1. The settings for apartment 2 were the same, only for the different orientation, as it

was shown in Figure 4 of the previous section.

The apartment geometry and the different surface types used as input for the Radiance calculations
are shown in Figure 6. Geometry simplifications compared to Figure 4 include the corners of the
balcony and external walls, the extension of the living room to the area located between points
DEFG and the exclusion of furniture from the model, with the exception of the bedroom wardrobe

and the workshop door to the living room. The bedroom area is located between points ABCD.

[] Walls (interior)
Walls (exterior)

[] Floor

[C] Balcony floor

IGU (Glazed door)
Clear glass
Furniture

Fenestration zones
ABCD Bedroom perigram
DEFG Living room perigram

Figure 6: Apartment 1 model geometry and surface types used in Radiance simulations.
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Different fenestration designs were generated by placing a single window in each of the five
fenestration zones (F1, F2, F3, F4 and F5). The generation scheme and geometric rules for each
window are described further down. The possibility for the absence of a window was also
considered. Initially, the fenestration for the bedroom (F1) was optimized, not considering the
luminous conditions or the heating intensity for the rest of the apartment. A selection was made
among optimum solutions for the bedroom. The finally selected bedroom window was used as a

constant input when varying the fenestration in zones F2, F3, F4 and F5 for the living room study.

Table 2 shows the rendering option settings for Radiance. Due to the necessity for reduced
simulation times, the selected settings correspond to medium accuracy settings (Ward Larson &
Shakespeare, 1998; Ward Larson, 1996). In the case of the ambient bounces (ab), a parametric study
was conducted to assess the optimum number of bounces, regarding accuracy and simulation time.
The intention was that a comparative study would be conducted between different fenestration

alternatives, and not a pursuit of absolute daylight levels in the studied apartments.

Table 2: Radiance rendering options settings.

Ambient Ambient Ambient Ambient Ambient
bounces (ab) division (ad) sampling (as) resolution (ar) accuracy (aa)
5 512 128 128 0,15

The surface properties are shown in Table 3. All opaque surfaces were considered grey, i.e. with the
same RGB value, consisting of totally diffuse plastic materials. A plastic material in Radiance has
uncoloured highlights and no transmitted component. If a surface roughness is zero then a ray is
traced in or near the mirror direction. The selected reflectance values are recommended for

adequate light distribution and for avoiding discomfort glare according to Christoffersen (1995).

Table 3: Radiance surface properties.

Material Reflectance* Transmissivity Specularity Roughness

Walls (interior) Plastic 0,70 - 0 0
Walls (exterior) Plastic 0,50 - 0 0
Triple pane (IGU) Glass - 0,64 - -
Single pane (clear glass) Glass - 0,98 - -
Frame Plastic 0,70 - 0 0
Ceiling Plastic 0,80 - 0 0
Balcony ceiling Plastic 0,20 - 0 0
Floor Plastic 0,30 - 0 0
Balcony floor Plastic 0,20 - 0 0
Furniture Plastic 0,65 - 0 0

*Average red, green and blue reflectance
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2.5.1 Measurement grid study

As Radiance annual simulations can be time-consuming, a parametric study was performed to
select the optimum measurement grid for the daylight distribution. The requirements set were a)
the possibility to deduct accurate results and b) acceptable simulation time. In the case of the
bedroom, the measurement grid was set to nine points, located as shown in Figure 7a. Reducing
this number was not a necessity, since the fenestration study for the bedroom consisted of only
iterating a single window opening. The grid parametric study was conducted for the living room
area DEFG, for which four windows were investigated, leading to an amount of approximately 7,5

million different fenestration designs with corresponding times for the DA simulations.

(a) (b)
0.50 1.00_1.00_0.50
. : - DAI150Ix (-)
E_ D 5 : Cm — Reference case
T A4 7 1 =3 Alternative case
Window D ——-O——-O S
L 1
| | —
¢ ¢ e} s
| | 9
\ | !
| | =
P | i =
PARAMETRIC <
STUDY A B Distance from wall (-)
(c)
PARAMETRIC STUDY VARIABLES
Step Range
Ambient bounces 1 [2-5]
Grid size 0,25 m [0,50-2,50 m]
| Window configuration - [Low, Medium, High]
E d G Window position Low Medium High
Window sill height 0,55 m 1,05 m 1,55 m
All dimensions in m Window height 1,00 m 1,00 m 1,00 m

Figure 7: a) Areas where the measurement grids were applied, b) illustration of the differences

between the reference and alternative grid cases and c) the variables in the grid parametric study.

A Reference case was set with a grid density of 0,25 m and 6 ab, regarded as an accurate but time-
consuming setup. Every other case was set according to Figure 7c. One window was placed in each
fenestration zone as shown in Figure 7a, and it was iterated for three positions on the vertical axis,
to investigate the sensitivity of the measurements. The grid density was also iterated ranging from
0,5 m to 2,5 m, with a 0,25 m step. Two key resulting values were examined in order to compare

each alternative with the reference case:

i) The average daylight autonomy for a desired illuminance of 150 Ix (DA1501x).
ii) The sum of all interpolated DA150Ix differences between the Reference and each

alternative case (Figure 7b).
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As it is illustrated in Figure 7b, each alternative case had a different DA150Ix distribution across the
living room area, due to the use of different ambient bounces and distances between measurement
points. Using native Grasshopper components, a three dimensional mesh was generated for each
case. This mesh represented the DA150Ix distribution across space, and it was intersecting with the
Reference case mesh in various points. SUMgs. is the absolute value of the sum of differences when
an alternative case result is lower than the reference case. SUMss.)is the sum of all differences
where the alternative case measures higher values than the Reference case. The volumetric

difference was therefore defined as in Equation 1:

AV = SUM(ABS—) + SUM(ABS+) [1]

The DA150Ix of the Reference case was compared to the DA150Ix of each alternative case, as an
absolute difference ADA150lx. Both AV and ADA150lx should be minimized in order to avoid
inaccuracy in both average values and distribution of daylight across space. The final criterion for

the selection between accurate settings was the amount of simulation time.

2.5.2 Daylight standard requirements

The daylight conditions in the studied apartments were evaluated based on certification systems
and relevant research. The evaluation of DF and UR was based on the Building Research
Establishment Environmental Method (BREEAM, 2014). BREEAM is a widespread certification
system that assesses sustainability of master-planning projects, infrastructure and buildings. It sets
thorough daylight criteria for different types of spaces, including residential spaces. The BREEAM
criteria utilized to evaluate different fenestration solutions was the average DF of 2,1 %, which

corresponds to 3 credits according to the certification system.

Miljobyggnad utilizes a point DF measurement that is set according to the SS 914201 standard
(1987). It is placed one meter away from the center of the darkest wall in the room, at an elevation
of 0,8 m. It must achieve a value of 1,2% or above in order to reach the Silver or Gold standards.
For this thesis, the Miljobyggnad point DF criteria was only used in the bedroom as what constitutes
the darkest wall stays constant in that room. This wall is the one through which the bedroom is
entered.

The aforementioned methods do not regard climate-based performance indicators, such as the DA.
For the climate-based evaluation of the different fenestration solutions, the benchmark values

stated in the previous sections were used.
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2.6 Electrical lighting model

Moving past the daylight simulation, the workflow of the created algorithm continues with the
electrical lighting simulation. The Radiance simulation that preceded this step provides the hourly
illuminance values for each point on the grid. Following that, the simulation engine of Daysim
utilizes these values to create a list of hourly electrical lighting power values. A unique feature of
Daysim is the manual lighting control model, the use of which mimics how occupants switch electric

lighting on or off, as documented in the Lightswitch study (Reinhart, 2004).

A “simple model” of Daysim was used, where the software assumes an ‘ideal lighting system'. In this
case, it is the daylight in space that is modeled, and not the electric lighting system itself. The user
only needs to input the installed lighting power per zone, the target illuminance and the type of
control for the light sources. It is assumed that the lighting system will deliver the missing
illuminance when fully switched on (Reinhart, 2016). Table 5 shows the utilized input data for

Daysim.

Table 5: Utilized Daysim settings.

Lighting load 3 W/m?*Ix
Lighting target illuminance 150 Ix
Lighting control Manual*

*As in the Lightswitch study (Reinhart, 2004)

The lighting load of 3 W/m?*Ix corresponds to an electrical lighting system of compact fluorescent
lamps that can provide 150 Ix in the studied zones. Relevant research on key values for electrical
lighting intensity when simulating residential spaces in Sweden do not exist yet. One report (Bladh,
2008) provides measured data on the annual electrical light use of Swedish houses. In this thesis,
the lighting load value of 3 W/m?Ix was validated by calculating the annual electricity use of the
whole apartment for a lighting schedule that follows the set occupancy schedule, as it is described
further down. It was concluded that 3 W/m?Ix was a reasonable value, as it lead to an annual
electricity use of approximately 700 kWh, which is equal to the average measured electric lighting

use in Swedish households stated in the aforementioned report.

The manual lighting control corresponds to a lighting schedule where the lights are turned on or
off during occupancy time, with a probability function that determines whether or not users will
turn lighting on or off. This probability was set according to the statistical analysis of the Lightswitch
study (Reinhart, 2004), which is integrated into the Daysim simulation engine, when selecting the
manual control. The Lightswitch study was carried out for office spaces, but it was the only available
that proposed a methodology that mimics human behavior in controlling electrical light switches.

This statistical probability may differ in residential spaces, which is a limitation of the present thesis.
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2.7 Energy model

After the Daysim simulation, the EnergyPlus engine is initiated to calculate the annual heating
energy intensity, the amount of solar gains and the overheating time. The electrical lighting use had
to precede the energy simulation, in order to provide the sensible heat load generated by the light
sources. This load profile is integrated in the EnergyPlus simulation, as it affects the heating load of

the studied space throughout the year.

This section describes the different simplifications and settings used for the energy modelling. It
also defines the energy standard requirements that were used to evaluate different fenestration
solutions. Finally, it includes a validation study that was conducted by comparing results from

Honeybee and Designbuilder™ (2015), to create a robust energy model.

2.7.1 Construction

The energy zones and different construction types assumed in EnergyPlus are shown in Figure 8.
All zones are conditioned spaces, apart from the Closed and Open Balcony. All zones were designed
as convex shapes, in order to use the “Full interior and exterior” solar option in EnergyPlus (U.S.
Department of Energy, 2015). This option is taking into account the effect of exterior shadowing
surfaces and window shading devices. This was a necessity due to the existence of the Closed Balcony

zone, in order to accurately estimate the solar gains reaching the Living room zone.
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Figure 8: The different energy zones assigned in EnergyPlus and the surface constructions.

33



Multi-objective Optimization of Fenestration Design in Residential spaces - The case of MKB Greenhouse, Malmg, Sweden

In reality, the Closed balcony is not conditioned, but it has a microclimate, due to its glazed
envelope, which affects the Living room space. The Airwall constructions are assumed by
EnergyPlus as surfaces that allow a constant airflow between zones, in other words, the air is mixed
between two zones separated by an Airwall. This surface is not meant to model inter-zone
buoyancy-driven flow, but to estimate a constant airflow. The adiabatic surfaces are the ones in
contact with the storeys’ common areas (Hallway, staircase). For reasons of simplicity and
calculation time, no heat transfer was assumed between the apartment and these common
spaces. Two different window types were modelled: One single pane clear glass mounted on the
Closed Balcony walls that was not iterated in the fenestration study and one triple pane insulated
glazed unit (IGU), that was used in the balcony doors and in every opening iterated during the
optimization of fenestration zones F1, F2, F3, F4 and F5. Table 6 shows the construction
properties of the different EnergyPlus surfaces. Detailed constructions including material layers
can be found in APPENDIX B.

Table 6: EnergyPlus construction properties.

U-Value (W/m*K) g-value (-)
Exterior wall 0,15 -
Interior partition - -
Airwall - 100%
Floor & Ceiling slabs Adiabatic -
IGU (Glazed door) 0,80 53%
Clear glass 5,75 89%
IGU (Windows) Variable* 53%

* Calculated as shown in section 2.8.1

2.7.2 HVAC

The Heating, Ventilation and Air Conditioning (HVAC) system used for this thesis is the “Ideal
Air Loads” system embedded in EnergyPlus (U.S. Department of Energy, 2015). In brief, this system
is a demand control all-air system, where both ventilation and space heating are provided by air
supplied to the zone to meet set requirements by the user. These were set as a heating setpoint and
setback of 21 °C and 19 °C respectively. The heat recovery on the ventilation system was set to 80
%. The actual ventilation system in the Greenhouse apartments is a constant air volume (CAV)
system, while the “Ideal Air Loads” is occupancy driven. By disabling the ventilation flow per person
and calculating an average flow (per person + per area) to input as a constant flow, the system was
modelled as a CAV system. No cooling was assumed for the apartments, as it is actually the case,
but overheating time was calculated in this study. No other HVAC components were designed in
the model (Heating/cooling coils, fans, heat pumps, ducts etc.). Table 7 shows the HVAC utilized

settings.
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Table 7: HVAC input data.

Heating*

Setpoint 21°C
Setback 19°C
Schedule Always ON
Cooling NO
Mechanical ventilation

Type CAV
Fresh air per m? 0,52 1/s
Heat recovery 80%
Schedule Always ON

* After Ideal Air Loads System (US Department of Energy, 2015)

2.7.3 Internal Loads

Internal loads in the form of sensible or latent heat are generated within the apartment by different

sources. The ones considered in this thesis were as follows:

a) The occupants metabolic rate (W/m?>-person).
b) The electric equipment use (W/m?).
¢) The electric lighting use (W/m*Ix).

The electric lighting calculation is described under section 2.6. The metabolic rate of the occupants
depends on the occupant activity level (met) and clothing level (clo), among other parameters. Data
on metabolic rate can be found in the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) Handbook of Fundamentals, (ASHRAE, 2013). A constant
clothing level of 1 clo was used for all studied thermal zones of the energy model. The activity level
was selected according to the assumed activity conducted in each zone, as shown in Table 8, which

led to the metabolic rate values shown in the table.

Table 8: Activity and electric equipment types and loads per zone.

Equi t
Zone / Activity / Metabolic rate / Equipment / qiupén/en
oa
(Name) (Type) (W/person-m?) (Type) (W/m?)
Bedroom Sleeping 70 Various 0,65
Living room Seated 100 TV, Stereo, Video 12,53
Fridge, Kitchen stoves,
Kitchen Cooking/eating 145 ricee ) rrenen stoves 218,79
Dishwasher
Workshop Workshop 250 Various 0,66
Bathroom Bath 130 Various 0,66
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The electric equipment load was calculated for each zone based on the assumed nominal power of
each electric device. The wattage of each electric device was calculated so that the annual electricity
use (kWh) would coincide with the measured values reported by Zimmermann (2009). In this way,
the annual electricity use of the apartment equipment was set according to the statistics for Swedish
houses, at 2300 kWh annually. The values for the equipment load shown in Table 8 correspond to
the sum of the nominal powers of all zone electric devices, divided by the zone floor area. The types

of devices correspond to the types described in the study of Zimmermann.

The heat generated due to the metabolic rate is dependent on the occupancy level in each zone. In
other words, it is dependent on the number of occupants inside each room for every hour of the
year. The occupancy schedule was assumed differently for weekends and weekdays, as shown in
Table 9. These values represent the fraction of total occupancy including in this case two adults.

The metabolic rate is thus multiplied by these values for every hour of the year.

Table 9: Fractional occupancy schedule per zone.

Weekday occupancy / fraction Weekend occupancy / fraction

* K* B* W*  Ba* | L* K* B* W* Ba
00:00-07:00] 0 0 [N 0 0 0 o0 0 0
07:00-08:00 | 0 | 07 0 0 03 | 0 0 0
08:00 - 09:00 | 0 0 0 0 0 0o 0 0 0
09:00 - 10:00 | 0 0 0 0 0 0 05 0 0 0,5
10:00-11:00 0 0 0 0 o @8 o o 01 o0l
11:00 - 18:00 | 0 0 0 0 0 o 0 0 0 0
18:00 - 19:00 0 0 0,1 0 0 0,1
19:00 - 20:00 0 0l 0l o 0 0ol o0l
20:00 - 21:00 0 0l 0l o 0 0l 0l
21:00 - 22:00 0 0 0,5 0o 0 0 0,1
22:00 - 23:00 0 0 0 05 0 0,5
23:00 - 24:00 . 0 0 o o [ o 0

M Fraction of two people
* L: Living room, K: Kitchen, B: Bedroom, W: Workshop, Ba: Bathroom

The heat generated by the electric equipment is dependent on the amount of devices turned on, and
the duration of use. Both the amount and duration were set hourly, in a way that the equipment use
per zone is in accordance with the occupancy of the zone. For example, when the kitchen is
occupied, the stoves or the dishwasher can be turned on. Other devices such as the fridge or extra
devices (Table 8) were assumed constantly on, at standby mode. Table 10 shows the equipment use

schedule per zone, and the fraction of the equipment load used per hour.
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Table 10: Fractional electric equipment schedule per zone.

Weekday equipment load / Fraction Weekend equipment load / Fraction

LX K* B*  W* Ba* LX K* B*  W*  Ba*
00:00 - 07:00 | 0,07 0,13 1 1 1 0,07 0,13 1 1 1
07:00 - 08:00 | 0,07 1,00 1 1 1 0,07 0,13 1 1 1
08:00 - 09:00 | 0,07 0,13 1 1 1 0,07 0,13 1 1 1
09:00 - 10:00 | 0,07 0,13 1 1 1 0,07 0,13 1 1 1
10:00 - 11:00 | 0,07 0,13 1 1 1 1,00 1,00 1 1 1
11:00 - 18:00 | 0,07 0,13 1 1 1 0,07 0,13 1 1 1
18:00 - 19:00 | 0,47 1,00 1 1 1 0,47 1,00 1 1 1
19:00 - 20:00 1,00 0,13 1 1 1 1,00 0,13 1 1 1
20:00 - 21:00 1,00 0,67 1 1 1 1,00 0,67 1 1 1
21:00 - 22:00 1,00 0,13 1 1 1 1,00 0,13 1 1 1
22:00 - 23:00 | 0,07 0,13 1 1 1 0,07 0,13 1 1 1
23:00 - 24:00 | 0,07 0,13 1 1 1 0,07 0,13 1 1 1

W Fraction of equipment load shown in Table 8
* L: Living room, K: Kitchen, B: Bedroom, W: Workshop, Ba: Bathroom

2.7.4 Energy standard requirements

The Swedish National Board of Housing, Building and Planning (Boverket) is responsible for the
requirements set for the energy performance of Swedish houses. Boverket publishes the Swedish
building code, Boverkets’ Building Regulations (BBR) that sets the mandatory standards for new
constructions and renovations. The BBR version applicable while this thesis was written was BBR22
(2015). In addition, voluntary criteria for zero-energy houses, passive houses and low-energy
houses were developed by a group of experts appointed by the Forum for Energy Efficient Buildings
(FEBY). At the time of writing this thesis, the FEBY12 was in application, which is divided into
separate documents for residential and commercial buildings (FEBY12, 2012). Both BBR22 and

FEBY12 criteria are defined in terms of specific energy use.

During the optimization process, only the energy used for space heating was weighted against the
daylight levels. For the comparison of the different fenestration solutions based on the
aforementioned standards, the energy use of DHW and property electricity were added to the space
heating energy after the simulations, to provide the specific energy use. The property electricity was
set to 7,40 kWh/m” annually according to the preliminary documentation regarding the energy
performance of the apartments (NCC, 2014). According to the same report, the energy for the
DHW was set to 20 kWh/m? annually. Table 11 shows the requirements on specific energy use for

the corresponding climatic zone of Malmo.
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Table 11: BBR22 and FEBY12 requirements for the apartment specific energy use.

BBR22 FEBY12
(2015) (2012)
Maximum specific
80* 50

energy use / (kWh/m?year)

*Non-electrically heated apartments in climatic zone IV

The operative temperature is often used to assess indoor thermal comfort, as it combines the room
air temperature with the radiant temperatures of the room surfaces. So far, there is no requirement
that dictates an acceptable amount of overheating time for residential spaces. Nevertheless, studies
have shown that occupants prefer specific operative temperature levels, depending on their activity
and clothing level, as well as the outdoor ambient air temperature (ISO7730, 2015). For Swedish
workplaces, there is a requirement for different temperature classes, proposed by the
“Bestillargruppen Lokaler” project method (BELOK, 2008). According to FEBY, the resulting
operative temperatures should fulfill any of the BELOK classes Ts= 24 °C, 25 °C, 26 °C. The value
of the selected class should not be exceeded for more than 80 hours between April and September.
This thesis follows this method in that it sorts results according to BELOK classes, but no specific
requirements are set for the operative temperature of the apartment. The operative temperature
was monitored both for the living room and the bedroom, and it was assumed that fenestration

designs leading to shorter overheating periods are more desirable.

2.7.5 Validation

In order to create a robust energy model, a simple geometry was designed and simulated for a
number of different input data, using two different software: the Designbuilder energy simulation
tool and the Honeybee plugin for Grasshopper. The latter was the tool used in this study and the
one under validation. Both software utilize the EnergyPlus simulation engine for the energy
calculations, meaning that input and output data can be thoroughly compared under the same

platform.

The simple model used for the validation represents the living room area. It was designed in a way
that all possible model aspects of this thesis would be included and therefore tested prior to
modelling the complete apartment. These include construction, internal loads and HVAC settings.
In addition, a closed geometry was designed attached to the living room, to validate the solar
distribution through internal openings, which played a significant role in this thesis due to the
Closed Balcony zone. The different settings were input in a stepwise manner, while monitoring the
annual heating demand (kWh/m?) output from the two software. Figure 9 shows the different
geometries (G1-G4) and simulation steps (1-9). The input data can be found in APPENDIX D.
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Figure 9: The different simulation steps and corresponding geometries for the validation of the

energy model.

2.8 Fenestration definition

This section describes the internal workings of the algorithm that was developed to create
fenestration solutions. There were two distinct parts in the script definition developed in the

Grasshopper environment:

- A design filter that dictates the rules and boundaries that govern every fenestration
geometry. The rules relate to the window size and placement on the facade. Only solutions

that satisfied these criteria described below could be considered for the optimization.

- A genetic algorithm that automatically iterates between fenestration designs and assesses

them based on a specific process (optimization process).

2.8.1 Rules and boundaries regarding fenestration geometry

Instead of simply assessing different window-to-wall ratios, a design method was utilized that also
evaluated the importance of the position and shape of the widows. For every fenestration zone (F1-
F5) shown in Figure 5 of section 2.3, a single window was generated, based on a “design filter”. In
brief, the wall geometry assigned both in the daylight and energy models alters, according to the
window size and position that is generated by the algorithm. There are specific geometric
constraints that define the window generation. Each fenestration zone is subdivided in a 0,5 - 0,5
m? grid, as shown in Figure 10. The window width, height and sill height have therefore dimensions
in integers of 0,5 m. To reduce simulation time and comply with realistic terms, the algorithm is
ordered to bypass cases where the window:
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1. Has an area smaller than 0,5 - 0,5 m? or 0,5 - 1,0 m?.
2. Isaconcave polygon. The majority of windows used in practice today are convex shapes.
3. Has been calculated previously in the process.

To account for the occupant view towards the exterior environment, a “View zone” was set as
shown in dashed lines in Figure 10. Any generated window that does not intersect with this zone
and lies altogether below or above it, is bypassed by the algorithm. This filter is in line with the
occupants’ appreciation of windows because they offer a view outside, according to relevant
research (Christoffersen, et al., 1999). Moreover, there is a possibility that duplicates can be ordered
for simulation (designs already calculated once), due the genetic algorithms internal workings. In
case a window design is a duplicate, the algorithm identifies it and automatically uses the previously
stored result, without running a simulation. This was crucial in terms of total simulation time.

BYPASSED @ CALCULATED
View Zone View Zone

Figure 10: The window generation scheme (shown here for the fenestration zone F2).

The window designs that were input in Radiance and EnergyPlus were also designed in a simplified
manner, in order to reduce the amount of surfaces for calculation, without compromising the
validity of the results. Figure 11 shows an example of how a window that has passed the previous
filter, proceeds as input for the two different simulation engines.

DAYLIGHT MODEL/" P ENERGY MODEL -
g ///
; —
-~ Frame & glass outside offset =i
. (-Frame arégrAf
. ; .
Wall thickness = fFrame yldth Window area A - ¢— Thermal l/)}‘ldge L,

Figure 11: The window geometry input for the daylight and the energy model.
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In the case of the daylight model, there is an offset of the window outside the wall surface, in order
to model the wall thickness that could potentially block daylight from penetrating inside. The
window is assumed placed on the outer part of the wall, as it is the actual case. In the energy model,
the window is co-planar with the wall, as shown in Figure 11.

Looking at Figure 11, one can realize that a specific window design constitutes of a glazed part and
a frame part. There is also a linear thermal bridge that is different for each window shape. In brief,
two windows of the same WWR could have different shapes, thus different overall U-Values
depending on these parameters. According to ISO10077-1 (2006), the window U-value, Uy, is
calculated using Equation 2, and is dependent on the areas of glazing (A,) and frame (Ay). Other
factors include the U-value of the frame (Uy) and glazing (U,) as well as the length of the linear
thermal bridge ¥ of the glazing perimeter (L,). A constant frame width of 113 mm was adjusted
parametrically by the algorithm for all window sizes. The glazing and frame properties are shown
in Table 12.

A, U, +Ar-Us+L, ¥
Upin = g 2 Af+Af ¢ [2]
g f

Table 12: Window components properties.

Window pane Triple
Glass U-value Ug 0,60 W/m?
Frame U-Value Ut 1,10 W/m?
Glass thermal bridge ¥ 1,01 W/m-K
Window light transmittance 59r%
Window g value 53f%

2.8.2 Genetic algorithm

Given the number of possible fenestration solutions, a study that would simulate all possible cases
would be time-consuming, if not impossible. Radiance has long been pointed out as a burden when
attempting multiple simulations, due to its long run-times (Ward Larson & Shakespeare, 1998).
Such a study would also be unnecessary, because many fenestration designs could be logically
excluded from the study, as they would not meet neither the daylight nor the thermal criteria. For

this thesis, the genetic algorithm used to evaluate designs and to proceed faster with the
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optimization was based on the Strength Pareto Evolutionary Algorithm, SPEA2 (Zitzler, et al.,

2001), embedded in the Octopus-explicit components running on the Grasshopper platform.

In brief, the genetic algorithm is generating one window at a time. Once generated, the studied
space with that window is simulated by Radiance, Daysim and EnergyPlus. These simulation
engines send back to the genetic algorithm the case-specific results, which are used for evaluation.
If the evaluation proves that window efficient, the algorithm “remembers” its geometric properties,
and tries to test similar ones.

The way the genetic algorithm conceives a window geometry is shown in Figure 12. The window
properties (Width, Position, Head height and Sill height) constitute the so-called “Genes”. Each
Gene can have a different value, which will be translated into a different geometrical attribute on
the facade. The grid size is 0,5 m - 0,5 m, so a Gene value of 5 for the Width means a 2,5 m wide
window or 5 grids width, and so on. The Position Gene measures the distance of the window from
the left side of the wall (looking from the exterior). A complete set of Genes constitutes a
Chromosome, a complete window design, which from now on will be referred to as a solution. In

the language of genetic algorithms, a phenotype is the way this solution looks in space.

GENES (A, B, C, D)

A. Width EEEE EE
‘ ' CHROMOSOME
B.Positon [ [ [ [ ] | |
‘ 4 4
. eadheight [T T LT ]

Dosittheighe W[ T[] ) :

Figure 12: Exemplified scheme of genetic algorithm logics — Genes, Chromosome and Phenotype.

PHENOTYPE

The stepwise optimization process followed by utilizing the Octopus-explicit components is shown
in Figure 13. The diagram represents a solution space, where the two axes correspond to the
conflicting objectives. The solutions plotted closer to the axes are therefore better performing
solutions. The user sets different parameters that can guide the optimization process more

effectively, as described below. The process illustrated is the one suggested by Zitler et al. (2001).
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Figure 13: Exemplified genetic algorithm optimization loop, for two conflicting objectives.

The following is a brief description of the process illustrated in Figure 13, which follows the SPEA2
process (Zitzler, et al., 2001). Initially a time T is given by the user:

STEP 1 - Initial generation: The genetic algorithm combines Genes in random ways to generate a
number of solutions. The algorithm orders the simulation engines to calculate each solution and
return its resulting values for Objectives 1 and 2, in this case, the heating demand and the light

dependency. The number of random solutions is called population size (N), and is set by the user
in the beginning.

STEP 2 - Fitness assignment: This step is based on the so-called “fitness function”. The fitness
function dictates how the different solutions are evaluated, what are the criteria that a solution
should fulfil to be considered good. In this case, the best performance is the one that is minimizing
both objectives as much as possible, meaning a window design that induces the least possible annual
heating demand and light dependency. A solution is called non-dominated (or Pareto optimal), if
none of the objectives can be improved, without degrading the other objective. The algorithm is

assigning a score to each solution, based on its performance over the fitness function.
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STEP 3 - Environmental selection: The algorithm selects a user-defined number of solutions, the

“archive members”. These will from now on be referred to as the Elite, and their number Elite size

(N). The selection is based on the ranking that took place in the previous step.

STEP 4 - Termination: If t=T then the process is terminated and the Elite from STEP 3 are the
optimum solutions provided by the algorithm. Every time the loop is restarted, t increases by one,

so by setting T, the user defines how thorough the process will be.

STEP 5 - Tournament selection: During this step, the algorithm selects a specific number of
solutions out of the total population size (STEP 1). This number is called “tournament size” (s).
Tournament size is defined by the user before the initialization of the algorithm. The selected cases
are the ones that will be used for “mating” in the next step (STEP 6), and are called Parents. A low
tournament size can lead to results faster, but it could exclude potentially good Parent solutions. In

Figure 13, the tournament size s is equal to 6.

STEP 6 — Mating & Variation: Mating is the process out of which new solutions are generated by
the algorithm. The algorithm chooses pairs of Parents, and applies crossover and mutation
operators to generate new solutions, the so-called Offspring. Crossover is a process where two
Parents exchange Genes. For example, 1234 and 5678 can exchange the third Gene and give two
Offspring like 1274 and 5638. Mutation is the process where a number of Genes of a solution is
transformed into another value. For example, the Gene value of Width can transform from 5 to 4,
meaning that the window width will reduce from 2,5 m to 2 m. Parents are induced to crossover
first, and mutation immediately afterwards. This is a way for the algorithm to iterate between
designs. The user sets the probability of crossover and mutation and the extent to which they will

take place.

STEP 7 — Merging: The resulting solutions, the Elite plus the Offspring, are the ones that will be
used as a STEP 1 initial generation, instead of a random generation. The algorithm will set the
generation number f to t+1 and will automatically proceed with STEP 2, assigning fitness to this

new population of solutions.

2.8.3 Genetic algorithm input considerations

During each step of the optimization, amounts of solutions are kept in the process while others are
excluded. The ones that are kept are the ones that will define where the optimization algorithm will
converge. Crossover is an operator that helps convergence. However, a high crossover rate can lead
the genetic algorithm to so-called “local optima”, which is not desired. Mutation can help avoid this
problem, but a high rate of mutation is also unacceptable, since it will not allow the genetic
algorithm to converge to the desired set of solutions. Figure 14 exemplifies the definition of a locally

optimum point. In this example, the lower the position, the highest the fitness.
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mutation

Local Optimum

Global Optimum
Figure 14: The risk of convergence to a local optimum and the potential solution using mutation.

There are no constant best values for the mutation or the crossover rate. These values depend on
the nature of the optimization problem, and the implementation of the algorithm. Reeves and Rowe
(2003) have made an extensive study on the principles of genetic algorithms. In their book, they
include a specific chapter on how to anneal the mutation rate during the course of a simulation run.
The overall good practice they suggest is to initiate the algorithm on a high mutation rate, so that

many possible solutions can be generated, and reduce it during the course of different generations.

This annealing process is dependent on various factors, such as the population size, the amount of
genes and the number of desired generations. A study on the proper mathematical function that
describes the step-wise reduction of the mutation rate was considered too extensive to be included
in this thesis. It was however concluded that the mutation rate should be reduced in the course of
the optimization. Relevant research also shows that it is related to the amount of elitism (Laumanns,
etal., 2001). According to the researchers, the overall best performance occurs for the combination
of strong elitism (elitism > 0,7) and high mutation rate (mutation rate = 0,5). The worst

performance occurs for a combination of high elitism with low mutation rate.

Prior to the mutation effect, crossover takes place between two Parent solutions. Contrary to
mutation, crossover is ensuring that the genetic algorithm is “focused” on the already discovered
solutions that perform well in terms of the fitness function. In other words, crossover is leading the
algorithm towards convergence, in this case, towards pointing out the optimum solutions for a
good trade-off between heating and daylight. It can therefore be concluded that crossover along
with elitism are the parameters that ensure that optimum solutions are discovered. Elitism selects

them from a list of solutions, and crossover is mixing their genes to provide stronger Offspring.

Table 13 shows the initial settings used for the genetic algorithm used in this thesis. The population
size is what defines the number of solutions in the initial generation (STEP 1 in Figure 13). The
algorithm starts generating random solutions until this number is reached. Then the optimization
steps take place. This indicates the importance of a high population size, to ensure diversity in the
solution space. The mutation probability is defining the percentage of genes that will be affected by

mutation. This number should be related to the population size.
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Table 13: Octopus initial settings

Elitism

0,60

Mutation Crossover Population Mutation
rate rate size probability
0,60 0,70 140,00 0,01

2.8.4 Final selection of fenestration design according to multiple objectives

Once the daylighting and heating optimization of the living room zone was finished, a set of 51

Pareto optimal solutions were stored in an Excel database, with all their corresponding dependent

and independent variables. Using Pollination (Roudsari, 2015), a web-based application for

exploring multi-dimensional data, a refined selection upon these 51 solutions could be made,

depending on the objectives of: Specific energy use, Overheating time, DA150lx, DF and UR.
Pollination started at the AEC Technology Hackathon (CORE studio , 2014). Figure 15 shows an

example where a selection filter for two-window designs and colouring based on the DF

performance was applied. Each line represents one fenestration design. It crosses each of the parallel

axes based on the performance of the solution on the corresponding variable (axes titles).

weeemmne= 51 PARETO PTIMAL SOLUTIONS -----------

Lty rrrrrrrrrrrrrrrred

Specific  Overheating
Windows WWR  energy use time DA150Ix DF UR
(nr) %) (Wh/m?) (%) (%) f' (%) (%)
4.0 - - - - 1 - -
COLOUR FILTER
4 0.16 -
70 48.5 -
3.5 30 25
014 -
e 48.0 -
3.0 H 25/ 3 ‘
0.12
50 20
47.5 - (3 | 7
2.5 -
SELECTION FILTER 26 - AN A
\,"I' — — “'\ 1 ‘ 0 "I‘i 0 —
E R 2 - J
47.0 - 4 % y
'ff o — 3 lll> A
5, . <A
& Y A /098
N
=
' 0106~
46.0 5
1.0 - - - - - = -

Figure 15: Pollination example for selecting the two-window designs out of the 51 Pareto optimal

solutions.
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A final choice was made between 51 Pareto optimal designs for heating and daylighting, and 48

Pareto optimal designs for Daylighting and overheating based on the following criteria:

For designs with two windows:

The solutions with the highest possible uniformity ratio UR.
The solutions that achieve the BREEAM criterion for an average DF of 2,1 %.
The solutions with the highest DA150lx and the lowest overheating time

The solutions with the lowest heating demand and the lowest overheating time.

For designs with three windows:

The solutions that achieve the BREEAM criterion for an average DF of 2,1 % and have the
highest possible uniformity ratio UR.

The solutions that achieve the BREEAM criterion for an average DF of 2,1 % and have the
lowest possible overheating time.

The solutions that induce the lowest possible specific energy use and have the highest
possible DA1501x.

The solutions that achieve the BREEAM criterion for an average DF of 2,1 %, have a high

UR and the lowest possible overheating time.
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3 Results

The results are presented in two parts. The first part includes the preliminary results that were
derived in order to set up and validate the simulation model (Preliminary results). The second part
regards the analysis for the Bedroom and the Living Room zones. This part presents all fenestration

design aspects considering the dependent and independent variables under study.

3.1 Preliminary results

A few preliminary tests had to be performed in order to set up specific conditions for the whole

study. These tests concerned mainly:

1. The optimum measurement grid for the daylight analysis.

2. The optimum model geometry and input settings for accurate thermal calculations.

3.1.1 Measurement grid study results

The purpose of this study was to obtain an adequate combination of grid density and number of
ambient bounces, in order to achieve low simulation run times without compromising the accuracy
of the results. Figure 16 shows the DA150Ix values for all simulated cases and their variability
outside the upper and lower quartiles. The cases are compared with the Reference case DA150Ix.
This case corresponds to a 0,25 m grid density and 6 ab, which took 22 minutes of simulation run

time on the authors computer (see APPENDIX E for computer specifications).

DA1501x (%)
20

] — S I

14 o]

12

= = == DAI150Ix (Reference case)
10

2 3 4 5

Ambient Bounces (nr)
Figure 16: Box plot of DA150Ix for different ambient bounces values (27 cases for each value).
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The number of ambient bounces has a high impact on the accuracy of the results, due to the
geometrical complexity of the studied space. As the number ambient bounces increases, DA1501x
increases as more light reaches the back of the room. Sufficient daylight penetration through the
exterior balconies cannot be modelled with less than 4 ambient bounces. The variability in the
results of DA150Ix is reduced when using 4 or 5 ambient bounces, with the latter showing an almost
even distribution centered around the Reference DA150Ix. Still the choice of 4 ab seems sufficient

if only monitoring the DA150Ix.

The DA150Ix does not provide sufficient information to determine the settings to be used. A low
deviation (ADA150Ix) could be the result of high positive and negative discrepancies that sum up
to a low overall value. A better monitoring approach consists of calculating the volumetric
difference AVol simultaneously, which ensures that the sum of absolute discrepancies is also low.
Table 14 illustrates this, showing the AVol and the ADA150Ix. Cases that provide both ADA1501x
and AVol at minimum levels were the ones considered. The final decision was made based on the

relative simulation time, which is the percentage of the Reference case simulation time (Tref).

Table 14: AVol, ADA150Ix and relative simulation time for each combination of grid size, ambient

bounces and window position.

Tref =22 min Volumetric difference AVol and simulation time as a percentage of Tref
Amb. bounces 2 3 4 5
Win. Position| Lo* Me* Hi* Time| Lo* Me* Hi* Time| Lo* Me* Hi* Time| Lo* Me* Hi* Time
050 6 9 14 21%| 4 3 6 [51%| 3 3 3 159%| 3 2 2 [60%
07517 7 13 10%| 4 5 6 38%| 4 5 4 49%| 4 5 4 51%
rg 1,000 6 9 12 8% 9 10 7 33%| 11 12 5 44%| 9 10 5 46%
‘; L2518 11 10 7% |11 13 9 29%| 10 14 8 40%| 11 16 7 42%
= 1,50 110 20 16 5% 9 15 15 24%| 9 13 14 34%| 11 13 15 36%
E 1,75 110 20 16 5% 9 15 15 24%| 9 13 14 34%| 11 13 15 36%
= 2,00 | 11 24 13 4% |10 17 12 24%| 9 16 10 34%| 9 16 10 35%
225121 18 13 3% |21 18 13 17%| 21 18 13 27%| 21 18 13 29%
250121 18 13 3% |21 18 13 17%| 21 18 13 27%| 21 18 13 29%
Difference ADA1501x
0,50 |25% 26% 34% 11% 12% 16% 5% 5% 7% 2% 2% 2%
0,75 |26% 24% 36% 12% 9% 17% 6% 4% 9% 4% 1% 3%
6 1,00 |123% 21% 3 %1 6% 4% 15% 3% 0% 8% 0% -4% 3%
= 1,25 [20% 17% 30% 7% 3% 16% 3% 2% 8% 0% -5% 2%
o 1,50 [18% 14% 28% 9% 2% 12% 5% -1% 2% 1% -2% -4%
= 1,75 |118% 14% 28% 9% 2% 12% 5% -1% 2% 1% -2% -4%
. 2,00 |13% 11% 25% 5% -1% 12% 2% -2% 3% -1% -3%  -4%
2,25 |16% 5% 15% 5% -7% -2% -1% -11% -10% -5% -13% - 6
2,50 |16% 5% 15% 5% -7% -2% -1% -11% -10% -5% -13% -16%
Ref DA150Ix/%| 17,5 17,5 15,7 17,5 17,5 15,7 17,5 17,5 15,7 17;5 17,5 157

*Window position - Lo: Low, Me: Medium, Hi: High
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AVol is mostly dependent on the grid size and ADA150Ix is influenced mainly by the amount of
ambient bounces. AVol is less for high grid densities, though the highest inaccuracy occurs for grids
larger than 1 m. Cases using 2 or 3 ab show high discrepancies in both the criteria of ADA150lx and
AVol. Cases using 4 ab show a satisfactory performance in both criteria only when very dense grids
are selected. These grid sizes induce simulation times that are almost similar to using 5 ab. The

latter yield more accurate DA150Ix results, as shown in Figure 16.

In order to ensure the validity of the results, 5 ab was the only secure choice. According to Table
14, using 5 ab and a 0,5 m grid ensures the highest accuracy, but induces the longest simulation
time. For this thesis workflow, which included approximately 4000 simulations, 5 ab with a grid
density of 1 m was the optimum choice. Figure 17 shows the deviation of this case from the

Reference case, for the different window positions.

High windows
ADA150lx = 2,6 %

B Lower values
SUM(ABS-): 3,03

Positive AV (Lower

B Higher values than Reference case)

SUM(ABS+): 1,78 egative AV

(Higher than Reference case)

Medium windows
ADA150lx = -3,6 %

Bl Lower values
SUM(ABS-): 8,15

B Higher values
SUM(ABS+): 1,54

Low windows
ADA150lx = 0,1 %

B Lower values
SUM(ABS-): 8,52

B Higher values
SUM(ABS+): 0,83

Figure 17: Discrepancies when using 5 ab and 1 m grid density, for the different window positions.
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The discrepancies differ slightly between window positions. In the cases of low and medium
positions, the DA150Ix is mainly lower than the Reference case, uniformly across space. Higher
deviations occur close to the external walls, and between window openings. In the case of high
window placement, the DA150Ix is lower in the back of the living room (close to the kitchen). This
is due to the obstructions in front of that area (external balconies). Nevertheless, the discrepancies
are low and were therefore considered within the acceptable range of error. Overall, the validity of

the model was not compromised, and the simulation time was reduced to less than half.

3.1.2 Energy model validation results

Figure 18 shows the annual heating energy calculation in Designbuilder and Honeybee for the
different geometries and simulation settings used. The purpose was that the construction, the
admittance of solar gains, the generation of sensible heat gains and infiltration of the outdoor air
are modelled in the same way. Figure 18 shows that the Honeybee results were consistently lower
by a small amount. The largest discrepancy of 3 % occurred for construction settings, due to slightly
different U-Value calculation methods between the two software. This was overcome when the
adjacencies corresponding to the final model were set, as the adiabatic condition behaves the same
in both software. For the rest of the settings, the discrepancy was constantly below 1,5 %, which was

considered sufficiently accurate to accept Honeybee as a valuable simulation tool for this study.

Annual heating energy / kWh
9000
8000
7000
6000 -1,3 %

M DesignBuilder [ Honeybee

'_0)8% __1)1 % -2,7% '276% '].,]. %

5000 23,0 % ok
4000 0 -1,9%
3000
2000
1000

& S i

& &)
& &

> Q

X %Q« X

Figure 18: Difference in annual heating energy between Designbuilder and Honeybee simulations,

for the different geometries and simulation settings.
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3.2 Results

The results for the bedroom and living room zones are presented in different sections, depending
on the variable under consideration. The bedroom results focus more on the effect of the
orientation and the window geometry (WWR, head height and height-to-width ratio). The Living
room study focuses more on the effect of the number of windows used, and their position on

different fenestration zones.

3.2.1 Daylighting and heating demand optimization

BEDROOM
Figures 19 shows the performance of different WWR choices and Figure 20 shows the

corresponding 20 optimal solutions in terms of light dependency and heating demand, for a north
oriented bedroom. A solution is called Pareto optimal if none of the objectives can be improved,
without degrading the other objective. It is shown that the light dependency is not a linear function
of the percentage of glazing on the fagade (Figure 19). Specific cases with a WWR ranging from 10
% to 20 % can actually admit more daylight than some cases ranging from 30 %-40 %. This is a
result of the window position and the window height-to-width ratio, described further down. On
the other hand, the annual heating demand displays a more straightforward correlation with the
WWR. Larger window areas yield a higher energy use for heating, as the overall facade U-value
increases with the addition of more glazing. Note that increasing the WWR beyond 30 % - 40 %
results in a significant increase in heating demand for a negligible reduction in LD, as demonstrated

by previous studies.

100
WWR range

A <10%

0 10%-20%
® 20%-30%
X 30%-40%
A 40%-50%
& 50%-60%
O 60%-70%
+ >70%

2
95 ?
ok
o)
90 . %
LD50lx
(%) 85 g §

80

%MD@ N

75

32 33 34 35 36 37 38 39
Annual heating demand (kWh/m?)

Figure 19: Relation of LD and annual heating demand for different WWR for North orientation.
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Figure 20: Pareto optimal and elite cases (20 in total) for the optimization of LD and annual

heating demand on the North orientation.

The long Pareto front on the north orientation indicates the high conflict between the objectives.
The optimum WWRs range from 10 % to 62 %. All windows are placed high on the fagade, and are
mostly occupying the left side of it (seen from outside), as the room is 8,0 © inclined to the west. Left
placed windows are also utilizing the interior surfaces reflectance for light distribution inside the

bedroom more, since the walls have a higher reflectance than the wardrobe.

For a south oriented room (Figures 21 & 22), the best choice is to use the highest possible WWR,
equal to 78 % in this case. This can be explained by the fact that a higher WWR for south can be
used to exploit passive solar gains, as shown further down. As for the consequences on the indoor
operative temperature, this is studied further down. Contrary to the north, the minimum number
of Pareto optimal solutions indicates that the objectives of daylighting and heating are not in
conflict in south. Increasing the WWR results in minimizing both objectives. Moreover, the heating
performance of all cases on the south is better that any case on the rest of the orientations. The
difference in heating demand as a function of WWR is higher, indicating that the energy used for

heating is more sensitive to the WWR choice for this orientation.

A WWR of 78 % is a choice based only on minimizing the heating energy use and maximizing the
daylight levels. Considering the overheating time, one could argue that shading is necessary, with a
corresponding impact of the light dependency and the utilized solar gains. Note that when the
overheating occurs, the occupant will normally also want lower daylight levels (as in warm

countries people in e.g. Greece do not want to have full daylight when it is hot outside).
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Figure 21: Relation of LD and annual heating demand for different WWR for South orientation.
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heating demand in the South orientation.
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For the east orientation, the optimum trade-off between the objectives is achieved for WWRs
between 42 % and 62 % (Figures 23 & 24). The least efficient designs are those of a WWR equal to
16 % or less. As the WWR increases, the heating demand is reduced, but only until a WWR in the

range of 40 % to 50 %. From that point on, adding more glazing increases the heating demand.
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Figure 23: Relation of LD and annual heating demand for different WWR for East orientation.
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Figure 24: Pareto optimal and elite cases (20 in total) for the optimization of LD and annual

heating demand in the East orientation.
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The pattern is similar for a west oriented room (Figures 25 & 26), but all designs have a lower light
dependency compared to the east because occupancy occurs in the evening. The difference in the

light dependency is more evident for lower WWRs, when Figures 23 and 25 are compared.
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Figure 25: Relation of LD and annual heating demand for different WWR for West orientation.
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Figure 26: Pareto optimal and elite cases (20 in total) for the optimization of LD and annual

heating demand in the West orientation.
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Placing the bedroom on the east results in a slightly lower heating demand compared to the west.
On the other hand, the light dependency is lower on the west, as the bedroom was assumed
occupied from 22:00 to 00:00 hours, when the sun is mostly on the west side throughout the year.
For both east and west, WWRs below 16 % are not performing well for none of the objectives. For
WWRs larger than 50 %, the light dependency is slightly reduced, whereas the thermal performance
deteriorates, as the solar gains cannot compensate for the heating losses due to the increased
window size. Finally, it was shown that east-facing windows are better off placed on the left side of

the facade (seen from the outside), while the optimum position on the west is on the right side.

Figure 27 shows the 20 best performing cases for each orientation. It is shown that the light
dependency reaches the same minimum of approximately 78 % on all orientations. For north and
south, the heating demand is more sensitive to the window choice compared to the east and west.

The daylight levels are more affected by the window size and position for a north oriented bedroom.
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Figure 27: Pareto optimal and elite cases (20 in total) for the optimization of LD and annual

heating demand for each orientation.

An overview of the Pareto optimal cases for each orientation is illustrated in Table 15 below. It is
shown that there is a higher number of possible design solutions for north facing windows, with a
maximum WWR of 62 %. For the east and west orientations the optimum WWR approximately
ranges from 40 % - 50 %. On the south, the highest WWR of 78 % is the optimum choice.
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Table 15: Pareto optimal fenestration designs in order to maximize DA50Ix and minimize annual

heating demand of the bedroom for each orientation.

Orientation
WWR
NORTH EAST WEST SOUTH
WWR=10%  10% : ;
% i :
e
[ :
10%
10% - 20%
16% _ 16%
1 : :
i
i 23% 23% :
20% - 30% | | \ 5 '
| |
32% __ 32%
30% - 40%
U 39%  39% 39%
| 3 i
Wil : |
! ik ! 5
47% L 42% 42% 42%
40% - 50% :
47% 47%
i : {
52% 52% 52% |
s |
: | 1
s [ | | ;
50% - 60%
62% L 62%
60% - 70% | ! |
78% 78%

>70%
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Examining Table 15 one can see that all designs involve windows with the highest possible head
height, at 2,55 m. This independent variable affects the daylight penetration inside the room, as it
is described further down. Moreover, the optimum windows have a shape that tends to be squared,
in other words, the height-to-width ratio of these windows is close to 1,0. For a north orientation,
the majority of the Pareto optimal solutions have a WWR that is lower than 40 %. For east and west,
a WWR of approximately 40 % to 50 % achieves the optimum trade-off between the objectives,
while on the south, the window opening has to be the maximum possible (WWR =78 %).

Figure 28 shows the DA50Ix as a function of the annual heating demand for all simulated cases.
Daylighting and heating are conflicting on the north, whereas on south increasing the daylight
levels yields a decrease of the heating demand. The most interesting trends appear on the east and
west orientations, where decreasing the heating demand leads to a decrease on the DA50Ix until a
certain point. For specific window designs, it is possible to maximize DA50Ix and achieve a low
heating demand at the same time. The west orientation shows the highest performance on the
DAS50Ix for most window alternatives, whereas the south orientation is better for a low annual

heating demand.
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Figure 28: DA50Ix as a function of the annual heating demand for all window alternatives on each

orientation.
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Figure 29 shows the correlation of the annual heating demand with the DF for each orientation. It
is shown that an east oriented bedroom can achieve a lower energy use for equal DF levels,
compared to the west. This result can be somewhat misleading, in choosing east over west, as the
DF remains the same regardless of the orientation. In the case of the light dependency LD, which is
climate-based, the west orientation was shown to perform better on daylighting compared to the

east.

Achieving a DF of 2,1 %, as per the BREEAM (2014) minimum requirement results in a different
energy use for heating, depending on the orientation. It is shown that the DF requirement is reached
for a WWR over 30 %. For the same window choice of e.g. 32 % WWR (circled case in Figure 29),
the heating demand is 30,2 kWh/m” on east, 31,1 kWh/m? on west, 20,9 kWh/m? on south and 34,9
kWh/m? on north.
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Figure 29: DF and annual heating demand of the bedroom for each orientation, as a function of the

window-to-wall ratio.
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Figure 30 shows the point DF as defined by the Green Building Council (Miljobyggnad, 2016) and
the corresponding annual heating demand for all window alternatives. For each orientation, only a
10 % of the window alternatives exceeds the set requirement of a point DF equal to 1,2 %. On
average, a northern bedroom must have a heating demand of at least 34 kWh/m?” in order to satisfy
the daylight criterion. For south, east and west the corresponding values are 18 kWh/m?, 29
kWh/m? and 30 kWh/m? respectively.
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Figure 30: Correlation of the annual heating demand and the point DF defined by the Green

building Council, for all window alternatives.

LIVING ROOM

The living room study presented here includes mainly the west-facing apartment (apartment 1).
The results of the study on the east apartment are only presented whenever a comparison between

the two orientations is considered necessary, hence, whenever there are considerable differences.

Figure 31 shows the evolution of the optimization algorithm in finding the optimum solutions in
terms of daylighting and specific energy use. Daylighting includes only the living room zone, while
the specific energy use considers the total apartment. The process is illustrated here for every fifth
generation, until the 20t generation is reached, when the solutions formed the final Pareto front

(black crosses).
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Figure 31: The solution space after generations 5, 10, 15 and 20, during the optimization of LD1501x
and the specific energy use for the west apartment.

The upper left chart shows that during the initial five generations, the optimization algorithm was
bounded in local optima (bottom right of the Pareto front). In other words, it was generating highly
glazed designs, due to their good performance (only) in terms of LD150Ix. In the next five
generations, the WWR boundary rule was applied, in order for the algorithm to explore parts of the
solution space for which the specific energy use is lower. Designs with a WWR higher than 50 %
were not allowed until the end of the 10™ generation. After that, the algorithm proceeded from the
11" to the 20™ generation considering all possible fenestration sizes. It is shown that the evolution
of the optimum solutions is higher in the beginning, whereas it is not significant between the 15"

and the 20" generation. For this reason, the process was terminated after the 20™ generation.
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Figure 32 shows the 51 Pareto optimal solutions and their corresponding WWR. A thumbnail
(phenotype) is superimposed for each range of WWR. Examining the phenotypes leads to
interesting findings: When a low WWR is to be used (10 % - 20 %), fenestration zone F3 is utilized
by the algorithm. This zone is not as shaded by the balcony as F4 or F5. Increasing the WWR leads
the algorithm to generate solutions where F3 and F5 are combined, thus a wide spread window
allocation and west-oriented windows are preferred for daylighting and heating respectively. When
larger glazing areas (WWW > 35 %) are required, the algorithm populates the north fagade (F2) for
the first time in the Pareto front. The F2 window is placed high and not in contact with the F3
window, for more daylight distribution with the least possible glazing area. Although utilizing the
northern facade improves the daylighting performance, it also yields a higher energy use for
heating. Examining the highly glazed designs, it is evident that only for very high WWRs does the
algorithm populate fenestration zone F4. The existence of the glazed balcony door (grey hatch on
phenotypes) was already providing daylight close to that area, and the balcony over F4 has a
negative effect: Any window placed on that zone will be contributing more to the thermal losses
than the daylight gains. Finally, there is a negligible increase in daylighting gain when increasing
the WWR beyond 50 %, but the heating demand increases significantly.
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Figure 32: Pareto optimal solutions in terms of LD150lx and the specific energy use of the west

apartment.
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The following table shows the phenotypes of all the Pareto optimal solutions, per WWR range.

Table 16: Pareto optimal solutions for each WWR for the west apartment.

WWR West

WWR=14% — 15%

10% - 20%

20% - 30%

30% - 40%

40% - 50%

50% - 60%

60% - 70%

>70%
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Table 16 illustrates the same narrative: West oriented openings are the optimum choice for small
WWR, with the preference on fenestration zone F3. For WWR between 20 % and 30 %, the
combination of F3 and F5 is the optimum design choice. A northern window is mostly generated
for WWRs above 40 %, and fenestration zone F4 is populated for WWRs above 50 %. The majority
of the windows is placed high on the facade and they are more square-shaped (height-to-width ratio
=~ 1).

3.2.2 Effect of independent variables

BEDROOM

The effect of the window head height and height-to-width ratio was examined for the bedroom, as
there is no balcony shading to influence the results. Table 17 shows the daylighting performance of

all cases for each orientation with respect to the window-head-height. The lighter values indicate

higher DAs and thus a better performance.

Table 17: Percentage of simulated designs for which the DA50Ix exceeded a given value, for
different window head heights (all orientations included).

Head height 2,55 m 2,05 m 1,55 m
Orientation | E* N* W* S | E N W S | E N W S
1 [ 100 100 100 100 | 100 100 100 100 | 100 100 100 100
2 | 100 100 100 100 | 100 100 100 100 | 89 96 100 96
3 /100 100 100 100 | 94 100 100 100 | 87 87 100 87
4199 100 100 100 | 8 94 100 9 | 87 87 100 87
594 100 100 100| 76 91 100 94 | 85 8 100 87
694 97 100 100 | 76 8 100 84 | 74 8 100 87
718 9 100 9 | 76 8 100 8 | 70 8 100 83
8|8 93 100 94 |7 76 100 78 | 65 74 100 76
9|8 9 100 9 |73 76 100 76 | 57 74 100 72
DA50lx 10| 83 8 100 8 | 73 76 100 76 | 54 63 8 67
(%) 11| 8 8 100 8 |69 75 100 76 | 52 57 8 63
128 8 100 8 | 69 70 93 73 | 46 52 8 57
13| 8 8 94 8 | 63 67 76 69 | 39 46 80 50
14|78 79 8 8 | 58 63 76 66 | 35 37 63 46
15| 76 76 8 79 | 51 58 70 60 35 50
6| 74 76 81 76 | 43 46 60 51 24 39
17| 65 68 76 74 39 49
18 53 65 34 39
19 43 50 A
20 35

*E: East - N: North - W: West - S: South
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Table 17 shows that windows with a high head height (2,55 m above floor level) are consistently
performing better. This is the result of daylight penetrating deeper in space when the head height
is high. A rise of the illuminance on the back-end sensors is the reason for a higher DA50Ix. For the
west orientation, none of the designs has a DA50Ix lower than 10 %, and there is a lower variability
between the different window head heights. This is the result of the received direct solar irradiation,

which is higher for a west bedroom due to the assumed occupancy schedule of 22:00 to 00:00 hours.

The following table shows the effect of the height-to-width ratio of the window on the DA50Ix, for
each orientation. It is shown that square-shaped windows consistently perform better. Vertical
windows perform better than horizontal for lower DA150Ix levels, meaning, for lower WWRs. For
higher WWRs, horizontal windows perform better. It should be noted that square-shaped windows
have also a better thermal performance, as their frame to glazing ratio is lower. This explains why
the optimization algorithm converged to highly placed squared windows, as it was shown in Table
15 of section 3.2.1.

Table 18: Percentage of simulated designs for which the DA50Ix exceeded a given value, for

different window height-to-width ratios (all orientations included).

Height-to-Width <0,75 (horizontal) 0,75-1,25 (squared) >1,25 (vertical)
Orientation EXx  N* W+ §* E N W S E N W S
1 | 100 100 100 100 | 100 100 100 100 | 100 100 100 100
2 95 97 100 97 | 100 100 100 100 | 98 100 100 100
3 92 95 100 95 | 100 100 100 100 | 93 100 100 97
4 92 92 100 93 | 100 100 100 100 | 85 97 100 93
5 79 92 100 92 | 100 100 100 100 | 80 93 100 93
6 75 88 100 89 96 100 100 100 | 80 90 100 85
7 74 85 100 85 92 100 100 100 | 73 80 100 80
8 71 75 100 77 90 96 100 98 70 80 100 80
9 66 75 100 75 90 96 100 94 67 78 100 75
DA50Ix 10 | 66 71 96 73 90 90 100 92 65 75 97 72
(%) 11 | 64 67 95 70 87 90 100 90 63 72 97 70
12 | 62 64 92 66 83 88 100 90 62 67 92 67
13 | 55 62 78 64 79 85 98 87 62 63 80 62
14 | 52 53 73 60 73 77 90 83 58 62 68 62
15 | 51 52 64 52 67 71 88 75 52 62 62 60
16 | 45 49 55 51 | 63 63 79 65 | 42 58 58 52
17| 36 40 47 45 | 58 62 63 63 | 35 47 50 42
18 | 29 32 37 32 52 54 58 56 37 35 28
19 27 44 46 50 46
20 H 27 31 31 31

*E: East - N: North - W: West - S: South
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LIVING ROOM
The independent variables examined for the living room were the number of windows used and the
fenestration zones selection for their placement. Figures 33 and 34 show all simulated solutions for

the living room of the west apartment, classified by WWR and number of windows respectively.
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Figure 33: LD150Ix and specific energy use for all simulated designs, sorted by WWR range.
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Figure 34: LD150Ix and specific energy use for all simulated designs sorted by number of windows.
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Figure 33 shows that the LD150lx is mostly reduced when increasing the window area until
approximately a WWR of 40 % - 50 % (Figure 33). Increasing the glazing area beyond that
percentage leads to negligible daylight gains and considerable increase in heating demand. It is
interesting to note that a fenestration design with a WWR of 10 % to 20 % can actually perform
worse that one of 40 % to 50 %, both for the daylighting and the heating objective. This is a result
of the fenestration zone utilized each time. Figure 34 shows that the Pareto optimal solutions (black
crosses) consist mostly of two, three or four windows. Although using one window leads to a low
energy use, it results to very poor daylight conditions. On the other hand, using four windows does
not yield considerably higher daylight levels, compared to using three. The most effective part of

the Pareto front is populated by two- and three-window solutions.

Figure 35 shows the performance of all fenestration designs with two windows, when different

fenestration zones are utilized for the window placement.

LD1501x (%) LD1501x (%)
100 100

+ Pareto optimal

95 95

90 90

85 85
80 80
75 75
* % +++"N}~
70 70
45 46 47 48 49 50 45 46 47 48 49 50
Specific energy use (kWh/m?) Specific energy use (kWh/m?)
LD1501x (%)
100

+ Pareto optimal

90 +
i)
It
85 1;,_1
80 %1
Yy B &
e B 8
75 oy
+M+ﬂm
70

45 46 47 48 49 50
Specific energy use (kWh/m?)

Figure 35: LD150Ix and specific energy use for two-window designs, allocated in different

fenestration zones.
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The solutions that are closer to the Pareto front are the desired ones. The upper left chart shows
that if a window is placed on the northern fenestration zone (F2), then the second window should
be placed in F3 instead of F5. The upper right chart shows that if both windows are to be placed on
the west facade, then it is preferable to position them on F3 and F5. The daylight levels will be
approximately the same with utilizing zones F4 and F5, but the energy use will be lower. The bottom
left chart shows that if F4 is to be utilized for one window, then the second one should be placed on
F3. Overall, the solutions utilizing F3 are consistently better performing and closest to the Pareto

front.

Figure 36 shows the specific energy use as a function of the overall U-Value (walls + windows) and
the annual solar gains as a function of the WWR, when one window is placed on the northern
fenestration zone. The left chart shows that when placing the second window on F3 (green points),
a lower heating demand can be achieved with the use of the same insulation level. The right chart
explains this by showing that the solar gain potential per glazing area is higher for two windows on
F2 and F3.

Overall U-Value (W/m?K)
0,50
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0,40
0,35
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45 46 47 48 49 50 0 10 20 30 40 50 60 70

Specific energy use (kWh/m?) Annual solar gains (kWh/m?)

Figure 36: The specific energy use as a function of the overall U-Value and the annual solar gains

as a function of the WWR, when one window is placed on the northern fenestration zone.

As shown in Figure 34, using three windows results in higher daylight levels compared to using
two. The issue here is the higher energy use caused by the extra opening. Figure 37 shows the
performance of four different cases, each one missing a window on one of the fenestration zones.
It is shown that avoiding placing a window on F2 or F4 results in the best performing solutions
(green and light-blue points). The poorest choice is to place one window on the north (F2), and the

other facing the balcony area (F4 and F5). It seems that avoiding using F3 is not a good choice.
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Figure 37: LD150lx and specific energy use when placing three windows.

Figure 38 shows the specific energy use as a function of the overall U-Value (walls + windows) and
the annual solar gains as a function of the WWR, when fenestration zone F3 is not utilized (blue
points) and for all other combinations of three windows (purple points). It is shown that more
insulation is required to achieve a given specific energy use, if a window is not placed on F3 (left
chart). As in the two-window cases, the solar gains admitted are less for a given WWR, if
fenestration zone F3 is not utilized. In other words, F3 represents an optimal window placement

due to the passive solar gains.
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Figure 38: The specific energy use as a function of the overall U-Value and the annual solar gains

as a function of the WWR, when placing three windows on the living room.
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Figure 39 shows the specific energy use of the west apartment, as a function of the DF and the UR,
for the placement of two windows in different fenestration zones. The crosses indicate that a
solution is Pareto optimal according to the heating and daylighting optimization described
previously in section 3.2.1. The left chart shows that in order to achieve the BREEAM (2014) average
DF of 2,1 %, the two windows should be placed either on F2-F3 (green points) or on F2-F4 (pink
points) or on F2-F5 (light-blue points). This shows a contradiction between the daylight
certification requirement and the thermal performance of the apartment: All three pre-mentioned
combinations have always a window on the northern fagade (F2) that results in a higher heating
demand. There are only two fenestration designs that are Pareto optimal (black crosses) and still
pass the BREEAM criterion. These cases are the ones placing the second window on F3, which was
shown to induce a higher solar gain. The lowest DF is reached when placing both windows on the

fenestration zones facing the balcony area (F4-F5, blue points).
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Figure 39: Specific energy use of the west apartment, as a function of the DF and the UR, for the

placement of two windows in different fenestration zones.

On the other hand, the uniformity ratio UR shown on the right chart is the lowest possible when
placing the windows on F2 and F3 (green points). For a design solution to be Pareto optimal and
achieve a higher uniformity ratio simultaneously, the two windows should be placed on F3 and F5
(purple points). The same UR levels can be achieved for F2-F5, where the windows are spread as
much as possible on the building envelope, but in that case, the specific energy use is always
higher. It is therefore shown that achieving a low energy use, a high DF and a satisfying UR is not

possible, when placing two windows on the living room zone.

Figure 40 shows the specific energy use of the west apartment, as a function of the DF and the UR,

for the placement of three windows in different fenestration zones.
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Figure 40: Specific energy use of the west apartment, as a function of the DF and the UR, for the

placement of three windows in different fenestration zones.

The left chart shows that placing three windows instead of two yields higher DF levels, but the
energy use is higher too. The only choice that does not achieve the BREEAM criterion is the one
lacking a window on the north fagade F2 (light-blue points), which is the one that can yield the
lowest heating demand possible. The fenestration design that achieves the BREEAM DF criterion
and includes Pareto optimal solutions at the same time is the one that does not include a window
on F4 (green points). Examining both graphs, it is evident that the designs achieving the highest DF
levels are the ones that achieve the lowest DF uniformity ratios (green and purple points). If the
energy use is not a priority for a designer, then avoiding a window on F3 (blue points) can result in
high DF and UR levels simultaneously. This shows that even with three windows, achieving visual

comfort and low energy use are contradicting goals.

The electricity used for lighting is a variable that depends on the daylight levels of the living room.
Figure 41 shows the electric energy intensity for lighting as a function of the window-to-wall ratio,
when two windows are placed in different fenestration zones. It is shown that spreading the
windows as much as possible over the building envelope results in the lowest possible electricity use
for lighting (F2-F5, light-blue points). The most demanding design in terms of electric lighting is
the one where the two windows are placed next to each other and in front of the balcony area (F4-
F5, blue points). The overall electricity use as well as the variation between the designs is relatively

small, as the illuminance threshold for lighting was set to only 1501x.
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Figure 41: Annual electric lighting use for different placement of two windows.

IMPORTANT NOTE

A limitation of this study was that the heating demand was calculated for each fenestration solution
with an unlimited indoor air temperature. This in turn can result in slightly different heating
demands, as in reality occupants would ventilate space by the use of the openings when the
operative temperature exceeds 27 °C or 28 °C. In other words, the heat gained by solar irradiation
is slightly overestimated in the current study. An hourly study showed that (excluding the summer
months), the operative temperature exceeds 27 °C partly during April, May and September. During
April and May this only occurs for two or three days, whereas in September in occurs for most of
the first half of the month.
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3.2.3 Impact of solar gains
BEDROOM

The annual heating demand of the bedroom was previously shown to vary, as a function of WWR,
but not always in a straightforward way. Especially for the east and west orientations, the overall
trend was that it decreased until a specific WWR was reached, after which it started increasing. The
reason behind this is exemplified in Figures 42, 43, 44 and 45, where the annual heating demand is

shown as a function of the solar gains through the window for each orientation.

Figure 42 shows the effect of the solar gains for an east oriented bedroom. For WWRs smaller than
20 %, the heating demand is the highest possible. It is interesting that a WWR between 10 % and
20 % can yield the same energy use as a WWR larger than 70 %. The WWR of 70 % compensates
for its high U-value by exploiting nearly 100 kWh/m? of solar gains annually. The amount of solar
gains is proportional to the size of WWR. The heating demand is decreasing until a WWR in the
range of 40 % - 50 %. For higher WWRs, the heating demand increases, even though the solar gains
are increasing simultaneously. The reason for this is that after a specific overall U-value (wall +
window), the transmission losses become so high that the energy gained by solar radiation is not
sufficient to compensate for the increase in heating demand. The same trend of the heating demand
for different WWRs can be seen in Figure 43 for a west oriented bedroom. The difference is that
the solar gains are slightly lower for each window design, leading to an increased heating demand

for all cases, compared to the east orientation.
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Figure 42: Annual heating demand for East bedroom as a function of solar gains.
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Figure 43: Annual heating demand for West bedroom as a function of solar gains.

The effect of solar gains on the annual heating demand for the north orientation is more
straightforward. The low amount of solar radiation on the north fagade (Figure 44) results in the
heating demand being mostly dependent on the window U-value, in other words, larger WWRs
result in a higher heating demand. Nevertheless, one can clearly observe the importance of the
window shape as a factor that influences the window U-value. For instance, the heating demand of
cases within a WWR range of 40% - 50 % (triangles in Figure 44) can differ. This derives from the
fact that a window geometry of really high or low height-to-width ratio has a higher frame area per
window area, leading to an increased U-value, since the frame U-value is higher compared to the

glazing, and the linear thermal bridge is higher too.

On the south orientation (Figure 45), the high amount of solar gains results in a clear pattern: Larger
windows induce a lower annual heating demand. This explains why the Pareto optimum design for
this orientation was the one with the highest possible WWR of 78 %. The heating demand decreases
faster as the WWR increases from <10 % to 40 %, where it can range from 29 to 18 kWh/m?
annually. For larger windows, it can only decrease from 18 to approximately 15 kWh/m?, even
though the solar gains increase faster. Overall, passive solar gains for heating can be more efficiently

exploited by orienting the bedroom towards the south.
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Figure 44: Annual heating demand for North bedroom as a function of solar gains.
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Figure 45: Annual heating demand for South bedroom as a function of solar gains.
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The correlation of the achieved DF level and the admitted solar gains for different WWRs is shown
in Figure 46. The increase of the daylight levels when increasing the window area is proportional to
the incident solar gains. The difference between east and west is negligible for low WWRs, and
more visible for larger ones. For a south oriented bedroom, achieving the BREEAM DF
requirement results in receiving approximately 50 kWh/m? of solar gains annually, with probable
overheating issues during summer. On the other hand, the same criterion on the north is achieved
with solar gains of only 20 kWh/m? annually. Overall, the trend is that higher WWRs induce higher
daylight levels, and that north is the orientation where higher daylight levels can be achieved for

the least possible incident solar irradiation.
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Figure 46: Correlation of the DF and annual solar gains for different WWR and orientations.
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Figure 47 indicates that the DA is not linearly proportional to the solar gains. It is shown that
beyond a WWR of 40% - 50%, the DA50Ix levels do not increase anymore. On the contrary, the
solar gains are increasing more dramatically. This benchmark occurs for a DA50Ix of approximately
21 %.

In the case of a west oriented bedroom, the DA50Ix is higher for smaller WWRs compared to the
rest of the orientations. North is the orientation where the maximum DA50Ix can be achieved with
the least possible solar gains of 57 kWh/m? annually. It is also clear that the same WWRs result in
the same solar gain, although not in the same DA50Ix, since the light admitted depends on the
window shape and position as previously discussed.
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Figure 47: Correlation of the Da50lx and annual solar gains for different WWR and orientations.
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Figures 48 and 49 show the DF and the DA50Ix as a function of the admitted solar gains, for each

orientation.
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Figure 48: The DA50Ix as a function of the solar gains for all possible fenestration designs.
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Figure 49: The DF as a function of the solar gains for all possible fenestration designs.
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When monitoring the relation between the DA50Ix and the incident solar gains, contrary to the DF
results, there is a specific point over which the DA50Ix during occupancy cannot increase any more,
even if the glazing area is increased (Figure 48). This is because the threshold of daylighting is
already reached so increasing WWR will only result in more overheating. On the other hand, the
DF increases almost linearly with the increase of the incident solar gains (Figure 49). The DA501x
plot shows that north and west are the orientations that receive less solar gains per DA50Ix achieved.

There is no significant increase of DA50Ix after approximately 21% for all orientations.

If the DA50Ix is plotted with the DF, as in Figure 50, then an optimum DF benchmark can be
defined. According to Figure 50, assuming the DA stabilizes at 21 %, the optimum DF for the
bedroom should be 3,5 %. Any value higher than that will most probably result in more solar

heating rather than more daylight when it is actually needed.
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Figure 50: Trend of the correlation between the DF and the DA50Ix for all window alternatives.
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LIVING ROOM

Figure 51 shows the impact of the admitted solar gains on the specific energy use of the apartment
and the DF levels of the living room, for different number of windows. The left chart shows that the
solar gains are proportional to the number of windows and specific energy use. The Pareto optimal
solutions are shown here to be the ones with the highest possible solar gain, for a given heating
demand. The right chart shows that the DF increases when higher solar gains are admitted and that
approximately 50 kWh/m? of solar gains are required for a Pareto optimal solution to achieve the
BREEAM average DF criterion. The two charts indicate that the optimization objectives of heating
and daylight are both proportional to the amount of solar heat gains.

Annual solar gains (kWh/m?) Annual solar gains (kWh/m?)
100
0 © One window 10D o = One window
90 0 o Two windows 20 0 = Two windows
80 @ - Three windows 80 @ - Three windows
o o)
70 ° 70 ©
< <
60 Ay 60 A
50 50
40 40
30 30
20 20 3
10 " ' 10 : BREEAM
0 0 1
45 46 47 48 49 50 0 1 2 3 4 5
Specific energy use (kWh/m?) DF (%)

Figure 51: Impact of the admitted solar gains on the specific energy use of the apartment and the

DF levels of the living room, for different number of windows.

The following two figures show the effect of the admitted solar gains on the DA150Ix of the living
room, for the use of two windows (Figure 52) and three windows (Figure 53). Examining Figure 52
shows that placing the two windows on either F2-F4 (pink points) or F2-F5 (light-blue points) leads
to high DA150Ix levels with the least possible solar gain. These are the fenestration designs that
receive mostly diffuse or indirect irradiation, as they have windows on the north fagade and behind
the balcony. The figure also shows that the Pareto optimal solutions are those that receive at least
28 kWh/m? of solar gains annually (fenestration zones F3-F4 and F3-F5).

Figure 53 shows that when using three windows, high DA150Ix levels can be achieved with the least
amount of solar gains when avoiding placing a window on F3 (blue points). The rest of the designs
though (light-blue, purple and green points) are the ones that include Pareto optimal designs in
terms of heating and daylighting. These designs are shown to be the ones with the highest possible

solar gain each time.
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Figure 52: DA150Ix as a function of the annual solar gains when two windows are placed in

different fenestration zones.
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Figure 53: DA150Ix as a function of the annual solar gains when three windows are placed in

different fenestration zones.
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Figure 54 shows the impact of solar gains on DA150lx for the west and east apartments. The
solutions shown here are the 600 best solutions in terms of trade-offs between LD150Ix and the
specific energy use. The two trends are approximately the same, but it is evident that the west
orientation achieves a higher DA150Ix for a given amount of solar gains. Moreover, the algorithm
found more small WWRs on the west orientation, shown here at the bottom left of the scatter plot.
The reason behind this is that the living room occupancy schedule of 22:00 to 00:00 hours allows

for more optimum solutions with small windows on the west.
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Figure 54: DA150Ix as a function of the admitted solar gains on west and east apartments, for the

600 best fenestration designs in terms of heating and daylighting.

3.2.4 Overheating time
BEDROOM

The studied apartment does not have an active cooling system. It is reasonable to assume that
increased solar gains can result in overheating in the bedroom during occupancy time. Figure 55
shows the percentage of time for which the operative temperature exceeds 25 °C, as a function of
DAS50Ix, in other words, the overheating “cost” of increasing the bedroom daylight levels. It is
shown that the safest location for the bedroom is on the north side of the apartment, as it is the
actual case today. Until approximately a DA50Ix of 21 %, the west orientation is also a good choice,
as it can achieve higher DA levels for less overheating time. If higher daylight levels are required,
then for all orientations apart from the north, the overheating time is rapidly increasing as a
function of DA50Ix. These trends are in direct correlation with the amount of solar gains received,

as it was shown in Figure 48.
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Figure 55: DA150Ix as a function of the overheating time (T, > 25 °C) for different orientations.

Figure 56 shows the difference between a north and a south oriented bedroom. The results indicate

that it is not wise to increase the WWR on the south orientation, as the optimization of heating and

daylighting suggested. The Pareto optimum solution of south has an overheating time of 50 %. On

the contrary, using larger glazing areas on the north makes more sense, as approximately the same

DAS50Ix levels can be achieved with significantly lower overheating time. This is the result of the
bedroom being highly insulated. Persson et al. (2006) have mentioned this in the context of highly

insulated houses in Sweden.

NORTH
Overheating time (%)
100
WWR range
A <10%
80 |5 10%-20%
® 20%-30%
60 | X  30%-40%
A 40%-50%
& 50%-60%
40 g 60%-70%
+  >70%
20 O+0O@ X A Pareto optimal D
0 O A IO
0 5 10 15 20 25
DA501x (%)

) . SOUTH
Overheating time (%)
100
WWR range
A <10%
80 |5 10%-20%
® 20%-30%
60 | X 30%-40%
A 40%-50%
¢ 50%-60% +
40 O 60%-70% N g“?
+ >70% Yy
20 + Pareto optimal e d
- el
0 AMQO mm@mﬁ?ﬁbcw
0 5 10 15 20 25
DA50Ix (%)

Figure 56: The overheating time for different DA50Ix levels reached, as a function of the WWR.
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LIVING ROOM

FEBY does not provide benchmark values for the overheating time that a residential space should
comply with. One report (Sandberg, 2011) suggests that the operative temperature should not
exceed 26 °C for more than 10 % of the occupancy time between April and September, for the
“worst” part of the building. On the other hand, the Passive House Institute (2015) states that the
operative temperature should not exceed 25 °C for more than 10 % of the year. In practice,
occupants in houses have a higher flexibility to open a window or pull down a shading device when
their thermal comfort is affected by high operative temperatures. Nevertheless, the following results
show the trend of the overheating time as a function of window-to-wall ratio and the window

placement, with the intention to define the solutions that result in the least possible overheating.

Figure 57 shows the overheating time of the living room as a function of the window-to-wall ratio,
for the west and east apartments. The overheating time is shown for two operative temperature
benchmarks: for 25 °C and 28 °C. The overheating time for T, > 25 °C follows the same trend on
both orientations: for WWRs between 5 % and 30 % it increases rapidly from 4 % to 20 % of the
occupancy time. After a WWR of 30 % overheating increases slower, until a maximum 35 % of the
occupancy time. For the benchmark of T, > 28 °C, the case is different: the east orientation is
overheating slightly more than the west. Moreover, the overheating time increases slowly until a
WWR of approximately 50 %. For larger glazing areas, the time when Top > 28 °C is increasing at

a higher rate until a maximum of 20 % of the occupancy time.
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Figure 57: Overheating time of the living room as a function of the window-to-wall ratio, for the

west and east apartments (600 cases, two T,, benchmarks of 25 °C and 28 °C).
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Figure 58 shows the Pareto optimal solutions for two different sets of optimization objectives, in
terms of LD1501x and overheating time (Top>25 °C). The black points are the optimum solutions
when optimizing for heating and daylighting, and the white points are the one when optimizing for
daylighting and low overheating. It is shown that the two cases only converge on the high
overheating times (above 30 %), that in reality represent the highest WWRs. For the rest, the results
indicate that for a given LD150Ix, the heating and daylight optimization (black points) leads to
solutions with higher overheating times. This indicates that the daylight/heating optimization is in
conflict with the daylight/overheating optimization. In other words, the solutions that yield lower

heating demands are the ones that result in higher overheating times.
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Figure 58: Pareto optimal solutions of the daylighting/heating optimization (black points) and the
daylighting/overheating optimization (white points).

Figure 59 shows the distribution of the DA150lx and the overheating time (To, > 25 °C) depending
on the number of windows used to fenestrate the living room of the west apartment. The highest
increase for both DA1501x and overheating occurs when increasing the number of windows to two.
Using either two or three windows results in the same range of overheating time, although for three
windows time is distributed more on higher values. What is interesting here is that using four
windows instead of three does not yield a considerable increase of DA150Ix, but it induces a high
increase of the overheating time. In other words, placing windows on all possible fenestration zones

is more likely to increase the operative temperature than to increase the daylight levels.
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Figure 59: Distribution of DA150lx and overheating time (T, > 25 °C) depending on the number

of windows used to fenestrate the living room of the west apartment.

Figure 60 shows the performance of placing three windows in different fenestration zones in terms
of LD150Ix and overheating time (Top>25 °C). The Pareto front here represents the optimum cases
in terms of the trade-offs between daylighting and overheating. The results indicate that the
optimum choice is to place windows on the northern fagade (F2) and on the fenestration zones that
are shaded by the balcony (F4, F5). In other words, the fenestration zone that yields the lower
heating demand (F3) has to be avoided if daylight and overheating are to be optimized (blue points).
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Figure 60: performance of placing three windows in different fenestration zones in terms of
LD150Ix and overheating time (Top>25 °C)
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For the case of two windows (Figure 61), the results are exactly the opposite from the daylighting
and heating optimization (Figure 35 in section 3.2.2). Placing the windows on F2-F3 (green points)
induces high overheating times, compared to using F2-F5 (light-blue points). Placing both windows
on the balcony area (F4-F5, blue points) yields the optimum trade-off between daylighting and
overheating time, if overheating is to be minimized. If higher overheating times can be tolerated,
then placing windows on F2-F4 (pink points) or on F2-F5 (light-blue points) are the optimum
choices. Overall, the optimum choices are combinations of the northern facade (F2) and the

fenestration zones within the balcony area, which is approximately the real case.
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Figure 61: Performance of placing three windows in different fenestration zones in terms of
LD150Ix and overheating time (Top>25 °C), compared to the Pareto optimum cases for daylighting

and overheating time.
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The following two figures show the daylight levels achieved and the corresponding overheating
time, for cases with two and three windows. Additionally the Pareto optimal solutions of the
daylighting-overheating optimization are plotted (black X). Figure 62 shows the overheating time
(Top > 25 °C) for the use of two windows in different fenestration zones, and the corresponding DF.
In general, the figure shows that the overheating time is proportional to the DF levels achieved. The
solutions that have the shortest overheating time for a given DF level are the ones that have at least
one of the windows placed on the north (F2-F3, F2-F4 and F2-F5). The only Pareto optimal
solutions that meet the BREEAM criteria have almost the highest possible overheating time. None
of the Pareto optimal solutions from daylighting and overheating optimization (black X markers)
can meet the BREEAM criteria.

When using three windows (Figure 63), avoiding placing a window on F3 results in the lowest
overheating times and can also achieve the BREEAM criterion for an average DF above 2,1 %. This
configuration is Pareto optimal for the optimization of daylighting and overheating. On the
contrary, the daylighting and heating optimization suggests that fenestration zone F4 should be
omitted (green points and black crosses). This configuration leads to the highest possible
overheating times. Examining both Figures 62 and 63, it is evident that it is impossible to satisfy the
BREEAM criterion and keep the overheating time (Top>25 °C) below 10 % as the Passive House

Institute suggests.
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Figure 62: Overheating time (T, > 25 °C) as a function of the DF for the use of two windows in

different fenestration zones.
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Figure 63: Overheating time (Top > 25 °C) as a function of the DF for the use of three windows in

different fenestration zones.

3.2.5 Interdependence of daylight performance indicators

BEDROOM

These results aim at illustrating the interdependence between different daylight performance
indicators. Figure 64 shows the correlation between DF and DAS50lx for each orientation,
considering different WWRs. This figure shows that equal DA50Ix levels correspond to the same
DF levels for all orientations. The exception is on the west, for WWRs smaller than 20 %. Regarding
the Pareto optimal window designs, it is shown that most of them pass the BREEAM criterion. The
ones that fail are the WWRs below 30 % for the north orientation.

Overall, Figure 64 shows that the relationship between DF and DA50Ix is not linear, but
exponential. As the DA50Ix increases, DF increases exponentially. The increase in DA50Ix is not

the same when going from a DF of 1 % to 2 % compared to going from 3 % to 4 %.
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Figure 64: Correlation of DF and DA for different WWRs and orientations of the bedroom.

Figure 65 shows the correlation of the DA50Ix with the minimum point DF according to the Green
Building Council. Even though the west achieves higher DA levels on average, it seems that in order
to satisfy the minimum point DF the DA50Ix has to be the same for all orientations, just above 21
%. It is also interesting that only a 10 % of the cases for each orientation can achieve the requirement
for a minimum point DF of 1,2 %. The similarity between the orientations can be attributed to the
low illuminance threshold of 50lx, used for the DA. For higher thresholds, the direct solar
component becomes more important and thus the optimum orientation is determined by the

occupancy schedule used. Overall, the minimum WWR to meet the requirement is 20 % to 30 %.
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Figure 65: Correlation of DA50Ix and the minimum point DF according to the Green Building
Council, as a function of the WWR.

The minimum point DF is set by the Green Building Council in order to ensure that even the
darkest area in a room is illuminated by a minimum amount of daylight. An average DF of all points
of a room can convey more information about the available daylight, with respect to the occupant
perception. To find a correlation between the latter two, the median DF and the minimum point

DF were plotted in a single figure, for all window designs (Figure 66).
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Figure 66: Correlation of DA eain and the minimum point DF according to the Green Building

Council.

Figure 66 shows that there is an almost linear correlation between the two performance indicators,
with a coefficient of determination R?= 0,98, in a total of 185 simulated cases. The correlation can
be approximated to: minimum point DF = 0,67 - DFmedin - This means that instead of using the
geometric rules of the Green building council, a DF simulation across multiple sensor points can

be used to define whether or not there are dark areas inside the room.

LIVING ROOM

Although there is a considerable amount of overcast sky conditions in the Swedish context, using
the DF metric might not always be the best practice, since it cannot capture the hourly differences
that the climate-based metrics can. The problem here concerns the bi-objective optimization of
daylighting and heating. The following two figures show the daylight levels for 600 different
fenestration designs, and the corresponding specific energy use. In Figure 67 the daylight metric
used is the DA1501x, whereas in Figure 68 it is the average DF. It is shown that for a given energy
intensity, the west orientation achieves higher daylight levels when using the DA150Ix (Figure 67),
while the east is performing better when the daylight metric used is the DF (Figure 68). In addition,

the proportion of the variance when using DA150Ix is lower compared to using DF.
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Figure 67: DA150Ix and specific energy use for 600 fenestration designs on west and east
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Figure 68: Average DF and specific energy use for 600 fenestration designs on west and east

orientations.
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Figure 69 shows the correlation of the overlit area with the DA150Ix (left chart) and DF (right
chart). The overlit area is the percentage of the area for which the illuminance is ten times higher
than the 150 Ix threshold, hence 1500 Ix, for more than 5 % of the occupancy time. This amount of
illuminance in reality is direct sun patches on the sensor points. For the west orientation, it is shown
that a given overlit area percentage can correspond to a DA150Ix range of 5 %, i.e. an overlit area
of 50 % corresponds to a DA1501x between 20 % and 25 % (left chart). The same overlit area (50 %)
corresponds to a DF ranging from 1,7 % to 3,6 %, which is a much higher range considering the
lower and upper bounds of the two metrics. In brief, there is not as clear of a correlation between
the average DF and the possibly overlit areas as there is with the DA150lx, which is normal, since
DA150Ix includes sunlighting, which is in direct correlation with overlit areas. Regarding the
orientation, it is evident that more sunpatches can be found on the west orientation, due to the

occupancy schedule of 18:00 to 21:00 hours.
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Figure 69: Correlation of the overlit area with the DA150Ix (left chart) and DF (right chart).

If a clear correlation between DF and DA150Ix could be established, then the DF could be used to
define the daylight conditions better. Figure 70 shows the correlation between DA150Ix and DF for
different amount of windows used to fenestrate the west living room. The figure shows that the
coefficient of determination for the trends of each dataset is increasing as the number of windows
decreases. In other words, when less windows are utilized, the correlation between DA150lx and
DF is lower. This variability is not necessarily a function of the number of windows, but of their

position on the facade.

In the case of two windows (Figure 70), the variability is a result of the many options for window
placement. The balcony area could have two windows or none, which is considerably different, due
the shading of the balcony slabs. Figure 71 shows the correlation of DA150lx and DF for different
placement of two and three windows on the living room zone. It is shown that for a given DA1501x,
the DF can vary depending on whether or not the windows admit high amounts of irradiation on a

specific area (green points) or low (blue points).
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Figure 70: Correlation between DA150lx and DF for different number of windows used to

fenestrate the west living room.
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Figure 71: Correlation of DA150Ix and DF for different placement of two and three windows on

the living room zone.
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Figure 72 and 73 show the DA150Ix and DF distribution for two fenestration designs of an equal
WWR: A case where the windows are placed behind the balcony area, shaded by the balcony slab
of the upper floor, and a case where the windows are placed on fenestration zones F2 - F3, where
there is no obstruction above the windows head. The results indicate that for both cases, the
DA150Ix distribution across space is more even than the DF distribution.

The median DA150Ix is approximately equal to the average DA150lx. On the contrary, the DF
reaches high values in front of the openings, and it rapidly decreases for sensors away from them.
The result is that a large part of the living room area is illustrated as completely dark. In the case of
the DA150Ix, illuminated meshes are reported further away from the windows, as direct irradiation
is modelled bouncing on interior surfaces. It is interesting that the average DA150Ix between the
two cases increases from 14,5 % to 17,1 % (18 % increase), while the corresponding DF values

increases from 0,71 % to 2,02 % (185 % increase).

Windows placed on unshaded facades
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DA150Ix (%) distribution 34
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Figure 72: Comparison between the DA150Ix and the DF distribution for the case of two unshaded
(by the balcony) windows.

97



Multi-objective Optimization of Fenestration Design in Residential spaces - The case of MKB Greenhouse, Malmd, Sweden

Windows placed on balcony area

DA150Ix (%
DA1501x (%) distribution o

34
40 30
26
30 2
18
20 14
* 10
10 6
l Median: 15,0 % 2
| RS + Average: 14,5 % DF (%)
DF (%) distribution 14
16 12
10
12 g
6
8 4
2
% 0

Median: 0,44 %
+ Average: 0,71 %

Figure 73: Comparison between the DA150Ix and the DF distribution for the case of two shaded
(by the balcony) windows.

3.2.6 Selection based on multiple objectives

This section only investigates the west apartment, and specifically the living room area. There were
51 Pareto optimal solutions for the optimization of heating and daylight, and 48 for the
optimization of daylighting an overheating time. A choice of two or three best cases between these
designs was made based on the following criteria: Number of windows, specific energy use,
overheating time, DA150lx, DF and UR. The cases are shown below, for the possibilities of having

two or three windows.

Daylighting and Heating optimization - Designs with two windows

Figure 74 shows the two-window solutions that achieve the highest possible uniformity ratio UR.
It is shown that the windows in order to satisfy this objective are spread on the apartment envelope,
in other words, there is a considerable distance between the two windows. What is interesting here,
is that for a pareto optimal solution to have a high uniformity ratio, the average DF is below the
BREEAM requirement of 2,1 %.
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WWR* SEU* OT* DAI50Ix* DF*  UR*
(%) (kWh/m®) (%) (%) (%) ()

RENDERING PHENOTYPE

334 46,5 22,6 20,5 1,4 0,17

34,1 46,6 234 21,0 L/ 0,15

*WWR: Window-to-wall ratio, SEU: Specific energy use, OT: Overheating time, DA: Daylight
autonomy, DF: Daylight factor, UR: DF uniformity ratio

Figure 74: Two-window Pareto optimal solutions that achieve the highest possible uniformity ratio
UR.

Figure 75 shows the two-window solutions that achieve the BREEAM criterion for an average DF
of 2,1 %. The figure shows that the windows are not placed on the balcony area, in order to capture
a higher portion of the sky dome, thus, more diffuse irradiation. The achieved DF values are
significantly higher than the BREEAM requirement (3,2 % and 4,5 %). The problem here is the low
uniformity ratio, which is a result of placing both windows on the far north-west part of the living
room. Compared to the previous figure (high uniformity), the overheating time is slightly higher
in this case.

WWR* SEU* OT* DA150Ix* DF*  UR*

RENDERING PHENOTYPE (%) (KWh/m?) (%) (%) (%) )

I 35,7 46,6 26,5 219 3,2 0,06

l 40,3 469 284 226 45 0,07

I,

*WWR: Window-to-wall ratio, SEU: Specific energy use, OT: Overheating time, DA: Daylight
autonomy, DF: Daylight factor, UR: DF uniformity ratio

Figure 75: Two-window solutions that achieve the BREEAM criterion for an average DF of 2,1 %.
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Daylighting and Heating optimization - Designs with three windows
Figure 76 shows the three-window Pareto optimal designs that achieve the highest possible DF and

UR simultaneously. These cases are approximately the same as in Figure 73, where UR was
maximized for two windows, only with an additional window high up on the northern fagade to
improve the DF.

WWR* SEU* OT* DA150x* DF*  UR*
(%) (kWh/m?®) (%) (%) (%) ()

RENDERING PHENOTYPE

47,2 47,1 309 244 2,8 0,14

434 46,9 28,9 234 24 0,14

50,3 47,1 31,8 24,6 2,9 0,15

*WWR: Window-to-wall ratio, SEU: Specific energy use, OT: Overheating time, DA: Daylight
autonomy, DF: Daylight factor, UR: DF uniformity ratio

Figure 76: Pareto optimal three-window designs that maximize DF and UR simultaneously.

Figure 77 shows the Pareto optimal three-window solutions that achieve the BREEAM criterion
and have the lowest possible overheating time. It is evident that smaller WWR induces less
overheating, as the difference between the two cases is considerable large. The small highly placed
windows help achieve a high DF by letting light penetrate deeper in space. The problem is that they
are not as spread on the available envelope area, leading to a very low uniformity ratio (second
case).
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WWR* SEU* OT* DA150Ix* DF*  UR*

RENDERING PHENOTYPE (%) (KWh/m?) (%) (%) (%) )

Ny I . 434 46,9 289 234 24 0,114

31,1 46,5 233 19,7 22 0,06

*WWR: Window-to-wall ratio, SEU: Specific energy use, OT: Overheating time, DA: Daylight
autonomy, DF: Daylight factor, UR: DF uniformity ratio

Figure 77: Pareto optimal three-window solutions that achieve the BREEAM criterion and have the

lowest possible overheating time.

Figure 78 shows the Pareto optimal three-window solutions that result in the lowest possible
specific energy use and have the highest possible DA150Ix simultaneously. The window-to-wall
ratio can be 37 % when placing all windows on the west fagade, and 31 % when placing one of the
windows on the northern fagade. The latter is achieving a higher DF but a lower UR.

WWR* SEU* OT* DA150Ix* DF*  UR*
(%) (kWh/m*) (%) (%) (%) ()

il
! !l;q F 37,2 465 262 208 16 0,13
» Il

- I 31,1 46,5 23,3 19,7 252 0,06

*WWR: Window-to-wall ratio, SEU: Specific energy use, OT: Overheating time, DA: Daylight
autonomy, DF: Daylight factor, UR: DF uniformity ratio

RENDERING PHENOTYPE

Figure 78: Pareto optimal three-window solutions that yield the lowest possible specific energy use
and have the highest possible DA150Ix.

101



Multi-objective Optimization of Fenestration Design in Residential spaces - The case of MKB Greenhouse, Malmd, Sweden

Daylighting and Overheating optimization - Designs with two windows

Figure 79 shows the Pareto optimal two-window solutions that yield the higher DA150Ix levels and

the least optimum overheating time. The WWR is 20 % - 23 %, and the windows are placed behind

the balcony, to avoid solar irradiation that could overheat the living room. When optimizing this

two parameters, the DF is at very low levels, and the uniformity is average.

RENDERING PHENOTYPE

WWR* SEU* OT* DA150Ix* DF*  UR*
(%) (kWh/m*) (%) (%) (%) ()
200 475 49 17,0 04 0,10

475 50 181 05 0,13

*WWR: Window-to-wall ratio, SEU: Specific energy use, OT: Overheating time, DA: Daylight
autonomy, DF: Daylight factor, UR: DF uniformity ratio

Figure 79: Pareto optimal two-window solutions that yield the higher DA150Ix levels and the least

possible overheating time.

Figure 80 shows the two-window designs that yield the lowest possible specific energy use while

keeping a low overheating time. In order to satisfy these two objectives, the algorithm converged to

smaller WWRs (16 % - 17 %), with a negative impact on the daylight conditions.

RENDERING PHENOTYPE

=

WWR* SEU* OT* DA150lx* DF* UR*
(%) (kWh/m?®) (%) (%) (%) ()
16,0 47,3 4,0 13,4 0,3 0,10

474 4,4 14,0 0,3 0,12

*WWR: Window-to-wall ratio, SEU: Specific energy use, OT: Overheating time, DA: Daylight
autonomy, DF: Daylight factor, UR: DF uniformity ratio

Figure 80: Pareto optimal two-window designs that yield the lowest possible specific energy use

while keeping a low overheating time.
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Daylighting and Overheating optimization - Designs with three windows
Figure 81 shows the three-window designs that yield the highest possible uniformity ratio while

keeping a low overheating time and achieving the BREEAM criteria of an average DF above 2,1 %.
A third window is now placed on fenestration zone (F2), to illuminate the northern part of the
living room and achieve both higher UR and DF values. In order for the DF to meet the BREEAM
requirement, it is a necessity that the overheating time exceeds 10 % of the occupancy time. The
WWR in both designs is 36 %.

WWR* SEU* OT* DA150lx* DF*  UR*
(%) (kWh/m*) (%) (%) (%) ()

RENDERING PHENOTYPE

I 36,0 484 114 224 2,3 0,14

36,0 483 12,6 22,5 2,1 0,17

*WWR: Window-to-wall ratio, SEU: Specific energy use, OT: Overheating time, DA: Daylight
autonomy, DF: Daylight factor, UR: DF uniformity ratio

Figure 81: Three-window designs that yield the highest possible uniformity ratio while keeping a

low overheating time and achieving the BREEAM criteria of an average DF above 2,1 %.

Overall the results indicate that in order to reduce the overheating time, fenestration zone F3 should
not be utilized. This is in conflict with the daylight and heating optimization goals, where
fenestration zone F3 is needed in order to reduce the heating demand and the light dependency.
Moreover, it was shown that for all cases, the average DF can achieve the highest values (over 3 %)
when the windows are placed on the north-west corner of the living room, with a negative effect on
the uniformity of daylight across the space.
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4 Discussion

Multi-objective optimization of fenestration was investigated for a single apartment using climate-
based daylight modelling (CBDM) simulations and dynamic thermal modelling (DTM)
simulations. The results of the study indicate that the goals of daylight and heating are in conflict
within the Swedish context, but not to a high extent when having highly insulated buildings. The
issues covered in the body of this thesis are integrated below, divided in the methodology aspects

and the results.

4.1 Methods

The methods used in this thesis provided the framework for the optimization process to be possible,
given the relative time constraints. The long run times that the Radiance simulation engine yields,
when climate-based metrics are assessed, led to the study of the daylight measurement grid in terms
of the accuracy of the results and the required simulation time. The results of the study indicate that
when changing the number of ambient bounces (ab) and the measurement grid size (m), the
average DA150Ix is not a sufficient figure to validate the model. The minimum DA150Ix difference
between the Reference case (6 ab and 0,25 m) and a random case (3 ab and 2,00 m) indicate that a
study only on the average DA150Ix fails to detect the deviations of values across space. The
implementation of the AVol proved to be a good weighting factor, as it helped monitor the probable
deviations in DA150Ix, especially when changing the grid size. Overall, the results indicate that the
existence of the balcony space (closed and open balcony) make it absolutely necessary to use a grid
size of 1 m or less, and at least 4 ab. After a number of 3 ab, the simulation time was not really
sensitive to the number of ambient bounces, as it was to the grid density, in other words, to the
number of sensor points. The necessity for a high grid density indicates that the illuminance across

space is highly uneven, mainly because of the shading of the balcony.

The results presented for the bedroom study showed that there is a clear correlation between
DAS50Ix and DF for all orientations. This can be attributed to the fact that the bedroom has a simple
geometrical shape, one window and is not shaded by obstructions. On the contrary, the living room
study showed that it is difficult to correlate the two metrics, when there are windows receiving
different amounts of irradiation. For that reason, the DA150Ix was shown to express the daylight
conditions more accurately in the living room area. The argument here is that although there is a
high percentage of time with overcast sky conditions in Sweden, different geometries and

obstructions make the climate-based metrics more precise in quantifying the daylight conditions.

A useful finding of this thesis was the correlation between the minimum point DF (as per the
Miljobyggnad requirement) and the median DF. The geometrical nature of the requirement is
based on the lack of software in the past, or even in the present architecture offices. The fact is that
a DF simulation across multiple sensor points can capture more effectively the probable perception
of daylight in space than a single point measurement. It is therefore important to find the means to
connect the older geometrical daylight rules with the state-of-the-art simulation capacities. The

Miljobyggnad minimum point DF of 1,2 % can be alternatively approximated to a median DF that
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is 1,5 times larger, thus DFmedian = 1,5 - 1,2 % = 1,8 % in order to meet the current criteria. It must
be noted that this correlation is only valid for simple geometries such as the bedroom, and that for

more complicated plan layouts, more research has to be conducted.

When dealing with genetic optimization problems it can be difficult to conclude that any global
optimum solution or set of solutions are found in the process. To a high extent, this depends on the
interaction between the genes and the mathematical nature of the problem at hand. In this study
roughly 0,04% of the total amount of possible window configurations were simulated. Due to the
complexity of interdependent factors and size of the solution space, one can reasonably assume that
given more time, the algorithm would have found additional undominated solutions. Since there
are a lot more possibilities in placement for small windows it is probably in the low WWR-range
that most of these solutions would have been found. Looking at Figure 4-1 it is evident that
solutions are sparsely populated along the low WWR-bounds area, which indicates that

convergence is yet to be reached.
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Figure 4-1: Distribution of solutions in terms of the optimization objectives of heating and
daylighting, marked by their WWR ranges.

Interactive manipulation of the settings used to influence the optimization process are of
paramount importance in advancing the Pareto front efficiently. Local optima can be time costly
and difficult to both spot and evade. Having an informed visual overview of the qualities of
phenotypes can help avoid this. In the first set of generations, as shown in Figure 4-2, one can see
how the solutions were converging prematurely (already from the 5" generation). In this case, it
was due to a limited set of initial solutions lacking genetic diversity, in conjunction with a relatively
narrow WWR filter setting. This emphasizes the importance of correct settings, and of tools that

allow user interaction to be made dynamically.
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Figure 4-2: Evolution of the optimization process from the initial random generation 0 until the

end of the 10™ generation, for the optimization of heating and daylighting.

As geometrical filters and optimization objectives are added, the solution space shrinks. For
instance, there can be limitation filters in order to maintain an equal head height and/or sill height
of all windows. This can increase the chance of finding global optimum solutions faster. However,
exploring only a subset of the solution space in this way comes at the risk of not finding larger
trends in the dataset, which was a necessity in order to examine interdependencies in this thesis. In
a practical design situation, the priorities chosen in this matter might differ from the methodology

followed in this research.

4.2 Daylight and heating optimization

The study of the apartment bedroom showed that the orientation plays a major role in determining
which fenestration design constitutes the optimum choice in order to satisfy both luminous and
thermal needs for the occupants. The conventional rule of preferably placing windows on a south
facade was validated, as for this orientation the increase of the WWR resulted in a reduction of
annual heating demand, along with higher daylight levels. Nevertheless, due to the high insulation
of the studied room, overheating was proven a higher issue, which is a strong argument on actually
decreasing the WWR on the south fagade. This argument has been stated by researchers in the past,
especially for the Swedish context (Persson, et al., 2006). The north Pareto front was the most
extended between all orientations, indicating that the objectives of heating and daylighting are in
conflict for this orientation. An extended Pareto front actually indicates that there is a wide range
of optimum solutions, from highly daylit to low-energy ones. A good practice could be to consider
the actual efficiency of different energy types, and their corresponding market values. If, for

example, saving 1 kWh on heating energy as opposed to saving electricity used for lighting is more
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beneficial in the Swedish context, then a fenestration choice should lean towards smaller WWRs
for north, provided that the minimum daylight requirements are met. The opposite would be true
if electricity was more expensive than heating energy. The east and west orientations presented
similar performance in terms of the optimization objectives, with the west being slightly better on
daylighting, due to the occupancy schedule that matched sunlighting. For these orientations, a
WWR between 40 % and 50 % was shown to perform best. The low deviation between east and west
on the daylight levels captured by DA50Ix indicates that the low illuminance threshold of 501x
makes the choice of orientation less important in terms of DA50Ix. On the other hand, the overlit
area calculation where a threshold of 1500 Ix was used showed a high deviation between east and
west, where the overlit area plateau was 20 % for east, and 80 % for west. This indicates that the
choice of orientation in terms of daylight levels is more important when the required illuminance
threshold is high.

The results of the living room study indicate that it is possible to avoid simulating a large number
of fenestration solutions by the use of genetic algorithms. The algorithm was proven to work as an
evolutionary tool, that converges towards better performing solutions. In this case, a mere 0,04 %
of all possible window configurations was simulated to reach to the Pareto front for the living room
zone. The fact that it was possible to specify desired WWR ranges during the optimization process
proved significantly important, as local optima of high WWRs were avoided, and the exploration
of the solution space was more diverse. An inconsistency in the lower WWRs of the living room
solutions can be attributed to the random initial solutions, upon which the final solutions are
dependent, and on the low amount of generations. Nevertheless, these final solutions are not meant
to be the global optimum solutions, but rather a good set of solutions for designers to work with in
the initial design stage. Although conventional architectural wisdom is hard to be substituted by a
genetic algorithm, this process can be implemented in order to acquire information about designs
that will perform better in the future, and about designs that should better be avoided. The necessity
here is for this approach to be followed in the initial design stage, which can shape the final building

performance dramatically.

4.3 Effect of independent variables

Initially from the literature review, it was observed that the exact window placement has not been
assessed as much as the impact of the WWR. The bedroom study showed that the WWR does not
provide sufficient information on the building performance, in terms of daylighting. It was shown
that WWRs ranging from 10 % to 20 % could actually admit more daylight than some cases ranging
from 30 %-40 %. Highly placed windows resulted in higher illuminance levels, as daylight can
penetrate deeper in space when it enters at a high level. From an energy perspective, it was shown
that the heating demand is increasing for higher WWRs on the north, while it decreases on the
south. For east and west, the heating demand was not a linear function of the WWR. Very small or

very large windows yielded a higher heating demand. This indicates that the equilibrium between
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the building envelope losses and the solar gains is what defines the optimum WWR for these
orientations. The results therefore depend on the insulation level of the windows and their
placement, as well as on their g-value and their losses through radiation. The consistently optimum
height-to-width ratio near 1,0 can be attributed to the lower frame area per overall window area
when a shape is square rather than an elongated rectangle. This derives from the fact that the frame
U-value was 1,10 W/m?K compared to the glazing U-Value of 0,6 W/m?K. Longer frames in
elongated windows also yielded a higher thermal bridge between the frame and the glazing, which
was set to 1,01 W/mK.

In the living room study, the optimum WWR was more dependent on the exact placement of the
openings, due to the shading factor of the balcony. Several fenestration solutions of a WWR below
20 % resulted in the same specific energy use with solutions of 50 % WWR. Placing windows below
the balcony proved to be costly in terms of energy use, due to the loss of passive solar gains. On the
other hand, not placing any windows facing the balcony resulted in poor daylight uniformity across
space, but more importantly, it resulted in overheating issues. The lack of daylight uniformity was
captured by the electric lighting results, where it was shown that a more even distribution of
windows throughout the envelope results in less electricity used for lighting. The dilemma is the
same here: Visual comfort or energy efficiency? Nevertheless, it was consistently shown that in
order to satisfy the objectives of heating and daylighting, more glazing should be placed on the
unshaded western fenestration zone F3, and that placing windows only behind the balcony area is

not a wise choice, unless overheating is the main priority.

The optimum number of windows for the living room area was defined to minimum two and
maximum three. This was explained by the lack of daylight when using only one window, and by
the extensive overheating issues when using four windows. Using four windows does not improve

the daylight conditions significantly too, compared to using three.

4.4 Impact of solar gains

This thesis shows that passive solar gains are important even in the cloudy climate of Sweden and
that they do contribute to reduce heating demand. It was shown that higher passive solar gains
allow for larger glazing areas, when the heating demand is a priority. It should be noted here that
this is true for highly insulated windows, as in this case. Increasing the WWR with poorly insulated
windows would probably increase the heating demand despite the utilization of solar gains. In
addition, larger glazing areas yield higher daylight levels. The outcome is that for both of the
objectives, solar gains are beneficial. Future implementation of the optimization algorithm should
therefore include a preliminary solar irradiation study that could define the optimum envelope
areas for window implementation. On the other hand, for as highly insulated spaces as the

Greenhouse apartments, the overheating time is proportional to the solar gains admitted.
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The bedroom energy study showed that an increase of the window size would mostly be beneficial
on the south orientation. East and west orientations can profit from passive solar heating only
within specific bounds of WWR, specifically from 20 % to 40 %. The energy use outside these
bounds is increased. The reason for this is that after a specific window U-value, the transmission
losses become so high that the energy gained by solar radiation is not sufficient to compensate for
the increase in heating demand. The low direct solar irradiation on the north on the other hand is
the reason why decreasing the WWR is beneficial on this orientation, if the heating demand is to

be minimized.

The living room study showed that the Pareto optimal solutions of heating and daylighting were
consistently the ones with the highest possible solar gain, compared to designs of an equal WWR.
This explains why the fenestration zones behind the balcony were not considered by the algorithm
as much as the unshaded western zone F3. It is logical to assume, that the solar gains are a parameter
to be maximized, with only the drawback of overheating. The latter could be controlled by

providing windows with efficient exterior solar shading devices.

Overall, it should be noted that the solar gains of exterior surfaces, such as windows, is a
combination of direct and diffuse solar radiation. The amount of this radiation that will be
beneficial for a thermal zone is the part that will be transmitted through the windows and the
absorbed part (by glass) that will be radiated inside the zone. The solar gain is therefore dependent

on the glazing properties, which makes the presented results case specific.

4.5 Overheating time

The bedroom study showed that maximum daylight levels can be achieved with an overheating
time (Top>25 °C) below 10 % only on the north orientation. Although west is the orientation with
the highest DA50Ix for small (not overheating) WWRSs, for peak DA50Ix levels the required window
area lead to an overheating time of 25 %. This can be attributed to the higher amount of solar gains
admitted by windows facing west compared to north. In reality, the concept of measuring
overheating hours is more developed for office spaces, where the occupants do not have the
flexibility to use openings for natural ventilation. In the case of residential spaces, the fenestration
choices have not been based on overheating time, although as it was shown, due to the highly
insulated envelope of the apartment, there is a high risk of overheating. The argument here is that
the occupant comfort should not depend on having windows opened, for various reasons. For
instance, the ambient air is not always as healthy as it should be, and it might require filtering

through the ventilation system prior to entering the interior zones.

The overheating time presented for the study of the living room zone was calculated as the number
of hours during occupancy, for which the operative temperature exceeded a specific benchmark
temperature. The optimum WWR to avoid overheating varies based on this temperature

benchmark. For lower benchmarks (25 °C), it was shown that the overheating time increases rapidly
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as the WWR is increased, starting from the least amount of glazing. For higher benchmarks (28 °C),
the overheating time was not increasing dramatically until a WWR of 50 % was reached.
Considering that the overheating issue occurs during the summer months, when the ambient air
temperature is higher, it is reasonable to assume that the occupants will have a higher tolerance for
higher operative temperatures. Hence, it could be argued that it is more efficient to use a benchmark
such as 28 °C, and select the glazing size based on this threshold. Overall, it was shown that
overheating in conflict with the objectives of heating and daylighting, as the solar gains benefit both

daylighting and heating, but increase the operative temperature.

If daylighting and overheating are the parameters to be optimized, the fenestration solutions follow
a different pattern. The fenestration zones that need to be utilized are the ones that receive the least
possible irradiation, hence the zones behind the balcony area, and the northern fagade. If an average
DF above 2,1 % is to be achieved, then placing three windows is the optimum choice, with a
minimum overheating time of 10 % of the occupancy schedule. This can be considered satisfactory,

considering that the occupants can also ventilate the space by opening the windows.
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5 Conclusions

The main conclusions deducted from this study are stated below:

- A genetic algorithm can facilitate the exploration of different fenestration solutions, by

tracking the most efficient designs and by bypassing the ones that are outperformed.

- A measurement grid size of 1,0 m and a number of 5 ambient bounces was the optimum
selection for the deployment of daylight measurement sensors in the living room area.
When examining different grid sizes and ambient bounces, the average DA150Ix is not
sufficient to validate the results, as it does not convey the information of positive or negative
deviations. The proposed method of assessing the volumetric difference AVol proved to be

a useful weighting factor for the selection of the most accurate and time-efficient settings.

- The objectives of heating and daylight are in conflict with each other on all orientations

except for the south.

- Both daylighting and heating can be improved by the utilization of passive solar gains

except for the north orientation. The result is an increase of the overheating time.

- The window-to-wall ratio does not provide sufficient information neither for the energy
nor for the daylight performance. An energy assessment requires the height-to-width ratio

and information on the window position is needed for a daylight analysis.

- The use of a balcony affects both heating and daylighting levels negatively, if the windows
are placed beneath it, but it retains the operative temperature below extremes. It also

improves daylight uniformity, which is connected with the electric lighting use.

- The heating demand is not dramatically affected by the WWR, as the studied apartment

has a very high insulation level.

- Opverheating due to the effect of solar gains is an issue for all orientations except for the

north.

More specifically for the bedroom study:

- Windows on a south orientation should be maximized, if heating and daylighting are the
objectives of optimization. The drawback is a high increase in the operative temperature,
hence, exterior solar shading should be added to control overheating.

- The optimum WWR range on east and west orientations, for the optimization of heating
and daylighting is in the range of 40 % to 50 %, more specifically 42 %.

- North windows should be square-shaped and placed high on the facade. A WWR of 34 %
is adequate for satisfactory daylight levels, low heating demand and no overheating.

- The north orientation is preferable for a bedroom, as the necessary illuminance can be

achieved by diffuse irradiation and the overheating time is the least possible. Alternatively,
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the west orientation is a good choice due to the occupancy schedule.

- DA5OIx is the highest possible when using windows with a high head height on the west.

- DAS5OIx stabilizes after a WWR in the range of 40 % - 50 %, more specifically 42 %.

- The Miljobyggnad minimum point DF of 1,2 % can be alternatively approximated to a
median DF of 1,5 - 1,2 % = 1,8 % for simple convex geometries with one opening. For

different designs and shapes, more research should be conducted.

More specifically for the living room study:

- The optimization process can be facilitated by dynamic control over independent variables,
as the window-to-wall ratio.

- Two or three windows is the optimum number of windows in order to optimize both
heating and daylighting.

- Itis impossible to have a Pareto optimal two-window design for heating and daylighting if
a DF above 2,1 % and a high uniformity ratio are required simultaneously. The geometry
of the living room area is such, that the DF and the UR are contradicting each other. Using
three windows is a way to solve this issue, i.e. distributing window glazing across the
building envelope.

- In order for a two-window solution to be Pareto optimal and have a high uniformity ratio
simultaneously, the WWR must be 30 % - 35 % and the windows must be placed far from
each other.

- In order for a two-window solution to achieve the BREEAM criterion of an average DF
above 2,1 % there must be at least one window on the northern fagade, placed high.

- High DF values (over 3 %) do not necessarily mean satisfactory daylight conditions for a
two-window design. The results indicated that in order for the DF to exceed 3 %, the
windows have to be placed on the unshaded fenestration zones F2 and F3, on the northwest
corner of the living room. This results in poor daylight uniformity across space.

- Ifnowindow is placed on the unshaded (by the balcony) western fenestration zone F3, then
a two-window solution cannot achieve an optimum trade-off between heating and
daylighting.

- Three windows are necessary to design a Pareto optimal solution in terms of heating and
daylighting, have an average DF above 2,1 % and have a high uniformity ratio
simultaneously.

- When placing three windows, the unshaded (by the balcony) western fenestration zone F3
should be avoided if a DF above 2,1 % and a high uniformity ratio is to be achieved at the
same time. It should also be avoided if solutions with low overheating time are sought for.

- The use of four windows does not yield significant daylighting improvement. However, it
yields overheating issues.

- When using three windows, it is a necessity that the overheating time exceeds 10 % of the

occupancy time, if the BREEAM DF requirement is to be met.
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Future developments

The proposed optimization workflow of this thesis could be further developed in order to increase
its efficiency and to decrease the computational time. A way of increasing the efficiency of
convergence is by manually adding solutions that are derived based on designer intuition or
geometrical rules set by a preluding study, i.e. a fagade irradiation analysis. These can be input as
the optimization is running and can be derived from inspiration gained from results therein,
creating a feedback loop. This type of workflow can be made possible with an intuitive and data
rich solution-space visualization environment, like the one created for the work with this thesis. It
could be possible to divide the design process into two steps where the first step does an
optimization run based on calculations with a low computational cost. Examples of this are a steady
state heat transfer calculation and an estimate on solar heat gain depending on WWR distributions
in different orientations. The output from this could then be used as part of an initial population in

the optimization process. This has the potential of increasing the efficiency of the algorithm.

In an open scripting environment like Grasshopper that connects well with external calculation and
simulation software it is possible to implement other optimization objectives that could increase
relevance of the tool. Life cycle costing, moisture analysis and life cycle analysis are examples of

potential additional objectives to implement in further studies.

Regarding the concept of fagade optimization, future work could include shading elements and/or
glazing properties (e.g. g-value). This way, the results could be altered, as higher WWRs could
yield a lower overheating time, either with lower g-values or with rightly timed movable shading
devices. The geometry of these devices could also be investigated in a dynamic form-generating

workflow, as the one used for the generation of different window geometries for this study.
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Summary

Multi-objective optimization of fenestration was investigated for a single apartment using climate-
based daylight modelling (CBDM) simulations and dynamic thermal modelling (DTM)
simulations. The results of the study indicate that the goals of daylight and heating are in conflict
within the Swedish context, but not to a high extent when having highly insulated buildings. The

latter leads to the overheating issues being a key parameter for designing.

A literature review was conducted to situate the thesis focus within the broader academic field of
facade optimization. The analysis of related publications indicated that the use of a genetic
algorithm could facilitate the optimization process, when multiple parameters are to be considered.
Of all the parameters defining fenestration, the window position on the facade was the least

investigated in past studies.

Genetic algorithms can accelerate the optimization process but they require a substantial amount
of iterations to yield conclusive results. This leads to costly simulation run times, hence a parametric
study was conducted to define the optimum measurement grid and the number of ambient bounces
for the daylight model, in order to save time but ensure accuracy. The study showed that the

optimum grid size was 1,0 m and the number of ambient bounces were 5,0.

The results included two different rooms of the apartment, the bedroom and the living room. The
bedroom study focused more on the effect of different orientation and the windows head height
and height-to-width ratio. The living room study examined more thoroughly the position of
windows on different areas of the envelope. For both rooms, it was shown that the daylighting and
heating objectives are conflicting, with the exception of the south orientation. The optimum
amount of glazing area depends on the orientation and on the objective under consideration. If
heating is to be optimized, south openings should be maximized, but if overheating is the defining

parameter, then northern windows should be larger.

The results indicated that the window-to-wall ratio does not constitute sufficient information on
the building performance, in terms of daylighting. It was shown that WWRs ranging from 10 % to
20 % could actually admit more daylight than some cases ranging from 30 %-40 %. Highly placed
windows resulted in higher illuminance levels, as daylight can penetrate deeper in space when it
enters at a high level. In addition, the annual heating demand can be improved by placing windows
on surfaces with a high solar gain, while daylight uniformity and the electricity use for lighting can

be more effectively improved when spreading the openings throughout the envelope.

Overall, the results indicate that the optimization process can lead to a good set of solutions for
designers to work with in the initial design stage. Although conventional architectural wisdom is
hard to be substituted by a genetic algorithm, this process can be implemented in order to acquire
information about designs that will perform better in the future, and about designs that should
better be avoided. The necessity here is for this approach to be followed in the initial design stage,

which can shape the final building performance dramatically.
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APPENDIX A
Daylight specific data

Al. Recommended task illuminance levels for residential spaces by IESNA

Ever since the 9™ edition of the IESNA Lighting Handbook (IESNA, 2000), the recommended
illuminance values are only provided with a reference to a specific application. These applications
have been grouped into seven categories and have been organized in three sets of visual tasks, as
shown in Table A1.

Table Al: Determination of IESNA Illuminance Categories and sets of visual tasks.

Recommended Visual

Categories Determination [Nluminance Tasks
A Public spaces 30 Ix
B Simple orientation for short visits 50 Ix Orientation

Working spaces where simple visual tasks and simple
C are performed 100 Ix

Performance of visual task of high contrast
D and large size 300 Ix

Performance of visual tasks of high

contrast and small size, or visual tasks of Common
E low contrast and large size 500 Ix

Performance of visual tasks of low contrast
F and small size 1000 1x

Performance of visual tasks near threshold 3000 to 10000 Ix Special

For the orientation and simple visual tasks, the visual performance is unimportant. They are found
in places where visual inspection or reading are only occasionally performed. Visual performance
is important for common visual tasks. These are found in commercial, industrial and residential

spaces. The special visual tasks are of critical importance.

Different tasks are performed in different rooms of a residence. IESNA has connected the
aforementioned categories with different residential activities, which were assigned by the authors
of this thesis to specific rooms of the studied apartments. Table A2 shows the different residential
activities and their corresponding recommended illuminance, as per the 10™ edition of the [ESNA
Lighting Handbook (IESNA, 2011).
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Table A2: Recommended horizontal and vertical illuminance levels per residential task.

RESIDENTIAL Horizontal [lluminance  Vertical Illuminance
Task

General Lighting 50 lux (B)

Conversation, relaxation, entertainment 30 lux (A)

Circulation 30 lux (A)

Specific Visual task

Dining 50 lux (B)

Handcrafts and Hobby

Crafts 300 lux (D) 50 lux (B)
Sewing 500 lux (E) 100 lux (C)
Work bench 1000 lux (F) 300 lux (D)
Easel hobbies 300 lux (D)
Kitchen range

Cooking 500 lux (E) 100 lux (C)
Kitchen Sink

Difficult Seeing 500 lux (E) 100 lux (C)
Cleaning Up 300 lux (D) 50 lux (B)
Kitchen counter

Cutting 500 lux (E) 100 lux (C)
General 300 lux (D) 50 lux (B)
Laundry 300 lux (D) 30 lux (A)
Music (Piano) 300 lux (D) 50 lux (B)
Reading

In a chair (casual) 300 lux (D) 50 lux (B)
In a chair (serious) 500 lux (E) 100 lux (C)
In a bed (casual) 300 lux (D) 50 lux (B)
Reading at desk

Casual 300 lux (D) 30 lux (A)
Serious 500 lux (E) 100 lux (C)
Table games 300 lux (D) 50 lux (B)

For this thesis, the two studied zones were assigned with different illuminance requirements,
according to the tasks assumed in each one. The tasks assumed in the Living Room zone were
conversation, relaxation, entertainment, circulation, casual, table games and reading. An average
illuminance requirement of 150 Ix was therefore assumed. For the Bedroom zone, it was assumed
that only conversation, entertainment and relaxation is taking place, leading to an illuminance

requirement of 50 Ix.
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APPENDIX B

Construction specifications

B1. Construction details

Table B1 shows the construction characteristics used for the energy model in EnergyPlus. The data

were weighted in order to match the overall U-Values provided by the Jaenecke Arkitekter office.

Table B1: Construction details.

. . R/

Construction Material d/m A /(W/m-K) (m*K/W)

Exterior Wall Rso - - 0,040

Fiber cement board 0,025 0,600 0,042

Wooden battens 0,028 0,130 0,215

Gypsumboard 0,025 0,250 0,100

Mineral wool 0,220 0,036 6,111

Concrete 0,200 1,130 0,177

Rsi - - 0,130

Total 0,498 6,815

Overall U-Value / (W/m?*K) 0,147

Interior Gypsumboard 0,025 0,250 0,100

partitions

Mineral wool 0,045 0,036 1,250

Gypsumboard 0,025 0,250 0,100

Total 0,095 1,450

Overall U-Value / (W/m?K) 0,690

Ceiling/Floor Wood boards (0ak) 0,015 0,170 0,088

Slab

Rubber underlay 0,015 0,170 0,088

Concrete 0,200 1,130 0,177

Sound insulation 0,035 0,060 0,583

Gypsumboard 0,025 0,250 0,100

Total 0,290 1,037

Overall U-Value / (W/m?>K) 0,965

Balcony sills Fiber cement board 0,025 0,600 0,042

Total 0,025 0,042

Overall U-Value / (W/m?K) 24,000
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APPENDIX C
Domestic Hot Water (DHW) calculations

C1. Calculated annual DHW energy use

The specific energy use, stated in FEBY12 (FEBY12, 2012), is set in terms of space heating, DHW
and property electricity. Space heating was simulated in EnergyPlus and property electricity was
acquired from the preliminary documentation of the studied apartments’ energy performance,
conducted by NCC (2014). The DHW energy use was calculated using the assumptions shown in
Table CI:

Table C1: DHW calculations input data.

Apartment area 68 m*
Number of occupants 2
Hot water use* 42 liters/(person-day)
Cold tap water temperature 8°C
Hot water outlet 60 °C
Water specific heat capacity cp 4,186 KJ/(Kg-K)
Water density pwater 1000 Kg/m?

* (Swedish Energy Agency, 2009)

The DHW energy use is calculated according to equation Cl1:

E= Pwater * V- Cp water * AT - thot water [Cl]

Where:

E is the annual energy use to heat the required DHW, in kWh/m?

Pwater 18 the water density, in Kg/m?

V is the water volume flow rate, in m>/s

cpis the water specific heat capacity, in KJ/(Kg-K)

AT is the temperature difference between the cold tap water and the heated water, in K

thot water 1S the annual duration of hot water use, in hours
The annual energy use was calculated according to equation CI to 27,26 kWh/m? annually. Possibly

various water saving systems of these newly built apartments may result in a lower DHW use than

the one retrieved here from literature (42 liters/person-day).
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APPENDIX D

Energy model validation

D1. Validation input data

Table D1 shows the input data used for each step of the energy model validation.

Table D1: Energy validation input data per step.

STEPS Input data
Heating
Setpoint 21°C
Setback 19°C
Schedule Always ON
. Cooling No
Constructions
External wall U-Value 0,15 W/m?
Roof U-Value 0,15 W/m?
Floor U-Value 0,15 W/m?
Electrical lighting No
Roof U-Value 0 W/m?
Infiltration 0,72 1/(s:m? floor area)
People 0,14 people/m?
4 Occupancy schedule as shown in Table 9 of section 2.5.3
Metabolic rate 100 W/person
Clothing 1 clo
Equipment 2 W/m?
5 Equipment schedule as shown in Table 10 of section 2.5.3
Radiant fraction 0,2
Mechanical ventilation
Fresh air per person No
6 Fresh air per m? 0,7 /s
Heat recovery 80r%
Schedule Always ON
Window 1,2
Window pane Single
Glass U-value 3,08 W/m?
7&9 Frame U-Value 1,10 W/m?
Glass thermal bridge 1,01 W/(m-K)
Window light transmittance 82r%
Window g value 74£%
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D2. EnergyPlus Input Data Files (IDF)

The two software (Designbuilder and Honeybee) that were used in the validation process can export
EnergyPlus *.idf files after each simulation. Using the Energyplus IDF Editor (U.S. Department of
Energy, 2016), the user can monitor all model input data in different groups. This is the optimum
way to evaluate an energy model, as it lists all input data used by the simulation engine. Figure D2
shows a screenshot of the IDF Editor window.

& C:\Users\Jas\AppData\Local\DesignBuilder\EnergyPlus\in.idf h IDF ﬁle path = @
D) || E| Newobi | Dupobi | Detobi | Copyobi | |
Class List Comments from IDF
» | EPS Expanded Polystyrene (Heavyweight)- thickness 0.1

[0001] MaterialNoMass Expﬁanahon of qb|ect and Current fleld : : i
[0001] MateriakInfraredTransparent Obiject Description: Regular materials described with full set of thermal properties -
[-+] Material-AilGap . . -
[---] Material:RoofVegetation Field Description: 3
[--~] WindowMaterial SimpleGlazingSystem - |ID:A1 y

Enter a alphanumeric value '
Field Units Objt -
Name :EPS Expanded Polystyrene (Heavyweight] 0.1 3
Roughness Rough
Thickness m 01
Conductivity Wiim-K 0.035 =
Density ka/m3 2% N +— IllPllt data
Specific Heat JokgK 1400
Thermal Absorptance 09
Solar Absorptance 06 -
Visible Absorptance: 06 i

Figure D2: Screenshot of an *idf file opened using the IDF Editor.

APPENDIX E

Measurement grid study - details on computational power

E1l. Computer specifications

The specifications of the computer used for the measurement grid study, where the simulation time
was recorded, are shown in Table E1. Honeybee allows Radiance to run simultaneously on multiple

processors, so three (3) cores were utilized during the study to reduce simulation time.

Table E1: Simulation computer system specifications.

OS Name Microsoft Windows 7 Ultimate
OS Manufacturer Microsoft Corporation
System Type x64 based PC
Processor Intel® Core™ i5 CPU 750 overclocked @ 3,2GHz, 4 cores
Total physical memory 8GB
Storage Samsung SSD 850 EVO 250 GB ATA Device
Display 2 x AMD Radeon HD5670 crossfire connected, 1+1 GB
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APPENDIX F
Grasshopper related plugins

F1. Grasshopper plugins used in developing the optimization algorithm

HUMAN

“Extends Grasshopper's ability to create and reference geometry including lights, blocks, and text
objects. Also enables access to information about the active Rhino document, pertaining to
materials, layers, linetypes, and other settings.” (Heuman, 2016). This plugin developed by Andrew
Heuman allows grasshopper to assign information to Rhino geometry, in effect turning Rhino into
a Building Information Model (BIM) or database of sorts. It was used in this thesis for data

management, animations and visualizations.

BUMBLEBEE
Bumblebee is a Grasshopper plugin that provides a low latency link between Grasshopper and
Microsoft Excel. It can be used to both write and read data in a variety of ways, and in this thesis it

was used as a central part in the database management. It was developed by David Mans (2014).
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APPENDIX G

Specitic simulation results

G1. Simulation results of the bedroom study.
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Figure G-1: Annual heating demand as a function of solar gains for all orientations of the

bedroom.

130



Multi-objective Optimization of Fenestration Design in Residential spaces - The case of MKB Greenhouse, Malmg, Sweden

100

90

80

70

Percentage 60

oftime 50

when 10
Ty, >25°C

(%) 30

20

10

0

WWR range
<10%
10%-20%
20%-30%
30%-40%
40%-50%
50%-60%
60%-70%
>70%

+ 0> X @ O »

004 X A Pareto optimal

Figure G-2: Overheating time (Top>25 °C) as a function of the achieved DF levels for an east-

facing bedroom.
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Figure G-3: Overheating time (Top>25 °C) as a function of the achieved DF levels for a north-

facing bedroom.
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Figure G-4: Overheating time (Top>25 °C) as a function of the achieved DF levels for a south-

facing bedroom.
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Figure G-5: Overheating time (Top>25 °C) as a function of the achieved DF levels for a west-

facing bedroom.
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Figure G-6: Percentage of simulated designs for which the DA50Ix exceeded a given value, for

different window head heights (all orientations included).
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Figure G-7: DA150Ix as a function of solar gains for different WWRs on the east and west

orientations.
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APPENDIX H

The following is the conference paper that was written during this thesis to be presented on the 32™
PLEA conference, between the 11™ and the 13" of July 2016. It includes the bedroom study, only

with a different occupancy schedule.
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Bi-objective optimization of fenestration using an evolutionary

algorithm approach

Ludvig Haav', Iason Bournas', Stephanie Jenny Anjeraini'

'Division of Energy and Building Design, Department of Architecture and the Built Environment, Lund
University, Lund, Sweden.

ABSTRACT: This study assesses the trade-offs between the conflicting objectives of reducing heating
intensity and increasing daylight utilization in the context of Swedish residential spaces, specifically for a
north oriented bedroom. The optimization process is conducted within the visual programming environment
of Grasshopper, where the simulation engines of Energyplus, Radiance and Daysim are interconnected and
combined with the Strength Pareto Evolutionary Algorithm 2 (SPEA2). A fenestration algorithm is proposed
that generates conventional window geometries in differing size and placement while considering the view
towards the exterior environment. Iterations are assessed for their influence on annual measures of heating
energy intensity, daylight illuminance deficit (ADID), electrical lighting use. Results indicated that diverse
and efficient solutions can be generated by this method, allowing the design team to select among them
based on higher-level | unquantifiable information. It was proven that the commonly used WWR parameter
is not sufficient to assess the thermal and luminous needs of space. Different window configurations can

vield different results depending on the actual position of the opening.
Keywords: bi-objective optimization, heating energy, daylight autonomy

INTRODUCTION

This paper assesses the trade-offs between
heating and daylighting when considering
fenestration solutions for residential spaces. To
facilitate this goal, a case study was chosen: the
MKB Green House project in Augustenborg,
Malmoé (Fig. 1). In northern countries such as
Sweden, with large seasonal variations in
natural lighting, the ambient air temperature
remains beneath the comfort zone for most of
the year. It is therefore important to design
fenestration with respect to both the daylight
and heating needs of the occupants.

Researchers in the context of energy codes
and certification system requirements have
mentioned this conflict between the heating and
daylight objectives. Mardaljevic et al. (2009)
argued in a seminal paper that practitioners
encounter recommendations for target daylight
factor (DF) values that result in over-glazed
buildings with excessive solar gain and/or heat
loss. The Heschong Mahone Group (2006)

monitored six building spaces that did not
achieve the LEED criteria of an average
daylight factor of 2 % (The U.S. Green Building
Council, 2002). They found that even with high
transmission glass, the window area would need
to have been increased to such an extent that the
spaces would not pass the energy code
requirements.

Figure 1: MKB Greenhouse residential building in
Malmd, Sweden (Image: Jaenecke Arkitekter AB)
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Due to the geometrical complexity of the
parameters involved in fenestration studies,
some researchers have utilized evolutionary-
based optimization algorithms to find a range of
facade solutions that satisfy both energy and
daylighting goals. The goal of this study is to
simulate the effects of different fenestration
alternatives on a single bedroom by means of
generative design. The aim is not a single
optimum window configuration for heating and
daylight, but rather a diverse set of solutions.

METHODOLOGY

The MKB Greenhouse project includes three
different apartment layouts of different
orientations. For this paper, a north-facing
bedroom of a mid-rise apartment was selected
as the study object (Fig. 2). The north
orientation was selected due to its lack of direct
radiation, an attribute that highlights the conflict
between the objectives of daylight and heating.
The bedroom has an area of 14 m? and a volume
of 36.56 m3. It is exposed on the north facade,
and on part of the east facade as shown in Fig.
2. The area defined by the points ABCD
represents the available surface for the
allocation of one window opening. The exposed
walls are shaded in grey in Fig. 2, other surfaces
are considered adiabatic. The definition of the
script that generates different window designs is
explained under the “Fenestration Definition”
section further below.

The simulation model was created in the
Grasshopper environment, which is a visual
programming language that is integrated in the
Rhino3D  modeller (Grasshopper, 2016;
Rhinoceros, 2016)). The workflow included
designing the geometry within Rhino 3D,
importing it in Grasshopper and from there
using Honeybee components to set the energy
model, the daylight model and the electrical
lighting model. Honeybee connects the visual
programming environment of Grasshopper to
the validated simulation engines - specifically,
EnergyPlus, Radiance, Daysim and OpenStudio
- which evaluate building energy consumption,
comfort, and daylighting (Sadeghipour

Roudsari M., Pak M., 2013). For every window
alternative, Radiance calculates the average
daylight autonomy with a benchmark of 1501x
(DA150Ix) for a nine-point grid, illustrated in
Fig. 2. A Daysim simulation sums the hourly
lighting energy use (kWh/m? annually) and
finally Energyplus calculates the heating energy
intensity of the bedroom (kWh/m? annually).
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Figure 2: Overall bedroom dimensions, the daylight
analysis grid and the fenestration definition area ABCD.

DAYLIGHT MODEL

The overall Radiance settings for the
daylight simulation are shown in Table 1. The
DA150Ix was calculated for an occupancy
schedule of 00:00 — 07:00 and 22:00 — 00:00
hours during weekdays and for 00:00 — 09:00
and 23:00 — 00:00 hours during weekends,
throughout the year.

Table 1: Daylight model input data.
Radiance overall settings

Ambient Ambient Ambient Ambient
bounces division sampling resolution
4 512 128 128
Radiance material properties
Material  Reflectance Transmissivity

Walls Plastic 0,80 -
Glass Glass 0,14 0,86
Frame Plastic 0,80 -
Floor Plastic 0,40 -
Ceiling Plastic 0,90 -
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Relevant research has shown how time-
intensive Radiance simulations are (Larson, et
al., 1998). As the window iterations for this
paper reached a number of 864, the Radiance
overall settings were selected in order to
provide a medium level of accuracy (Dubois,
2001). In addition, a transmissivity value of
0,86 was calculated for a triple glazed unit that
is represented in the model by a single glass
surface. The daylight result was fed in the
optimization algorithm component in values of
f(d), = 100 — f(DA150Ix),, where f(d), is the
hourly daylight illuminance deficit. It is the
percentage of time when the daylight
1lluminance is lower than 150 1x, which is the
inverse of the daylight autonomy DA1501Ix. It
was set this way because the evolutionary
algorithm is optimizing by minimizing both
objectives. This is due to the SPEA2 fitness
assignment definition. The sum of all hourly
deficits is the annual daylight illuminance
deficit (ADID). The daylight simulation was
connected to Daysim in order to generate the
corresponding annual lighting energy intensity
(kWh/m?) for every window alternative. The
probability of the occupant to turn on or off the
lighting was set according to the statistical
analysis of the Lightswitch study (Reinhart,
2004).

ENERGY MODEL

After the electrical lighting calculation, the
energy simulation is conducted automatically
using the Energyplus simulation engine.
Lighting is calculated upsteam in the algorithm
because it must be used as an input in the energy
simulation for the sensible heat gains of the
lamps. Table 2 shows the energy model input
data. Heating is provided by the Ideal Air Loads
System of Energyplus (US Department of
Energy, 2015). In brief, the system is a demand
controlled all-air system, where space heating is
provided by air supplied in the zone to meet set
ventilation requirements by the user. The
algorithm was instructed to monitor the heating
energy alone and couple it to the daylight
illuminance deficit.

Table 2: Energy model input data.

Heating

Setpoint 21 °C
Setback 19 °C
Schedule Always ON
Cooling No
Mechanical ventilation

Fresh air per person 71s
Fresh air per m? 0,351/s
Heat recovery 80 %
Schedule Always ON
Internal loads

Schedule Operational time
People 0,14 people/m?
Infiltration 3 1/(s'm?)
Equipment 0,65 W/m?
Lighting 4 W/m?
Target illuminance 150 Ix
Lighting control Manual
Constructions

External wall U-Value 0,15 W/m?
Window pane Triple
Glass U-value 0,60 W/m?
Frame U-Value 1,10 W/m?
Glass thermal bridge 1,01 W/(m-K)
Window light transmittance 74 %
Window g value 53 %

FENESTRATION DEFINITION

The geometry assigned to  the
aforementioned daylight and energy models
consists of two parts: 1) a constant geometry
that includes the floor, ceiling, door and all
walls excluding the north-facing one and 2) the
area of the north-facing wall within the
boundary of ABCD of Fig. 2. The geometry of
this wall alters, according to the window size
and position that is generated by the algorithm.
There are specific geometric constraints that
define the window generation, as shown in Fig.
3.The area is subdivided in a 0,5 x 0,5 m? grid,
which defines squares that a window area can
populate. The window width, height and sill
height have therefore dimensions in integers of
0,5 m. To reduce simulation time and to comply
with realistic terms, the algorithm is ordered to
bypass the cases where the window:

1. Hasanareaof 0,5x0,5m20r0,5x 1,0 m?
2. Is aconcave polygon
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To account for the occupant view towards
the exterior environment, a view-zone was set
as shown in dashed lines in Fig. 3. Any
generated window that does not intersect with
this zone and lies altogether below or above is
bypassed by the algorithm. In case a window
design is a duplicate (one that was calculated in
the past), the algorithm is instantly using the
previous result.

05m| 0,5m

{-----

1,0 m

D‘

== View-zone

C
[ Bypassed
Figure 3: The window generation scheme in Area ABCD.
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According to Equation 1 the window U-
value, U,,,, is dependent on the total window
area A,, areas of glazing A,, and frame A,. Other
factors include U-value for frame U, and
glazing U,, as well as the length L, of the linear
thermal bridge ¥ of the glazing perimeter. A
constant frame width of 113 mm is adjusted
parametrically for all window sizes. Calculating
the U-value of the window according to this
equation ensures that rectangular window
geometries are given a lower U-value than
square shaped windows.

Ay -Ug+Ap-Up+ 1Ly W
Upin = 1'(g z [1]
win Ag+Af

To assess the trade-offs between the
objectives of daylight and heating, results of
DA1501x and heating energy intensity (kWh/m?
annually) are supplied to the genetic algorithm
for each valid window design. The genetic
algorithm wused 1is the Strength Pareto
Evolutionary Algorithm, SPEA2 (Zitzler, et al.,
2001) through the Octopus component in
Grasshopper. Fig. 4 shows the overall scheme
of the developed algorithm.

...............................................................................

DAYLIGHT SIMULATION

* Daylight autonomy
* Lighting schedule

Radiance  Daysim
v

[ ENERGY SIMULATION
3 (& * Heating intensity

* Electrical lighting use

Energy+
\

GENETIC ALGORITHM k

Figure 4: The scheme of the algorithm inside the visual programming environment of Grasshopper.
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Table 3 shows the input data used for the
optimization process. Mutation governs the
search of the solution space as much as possible,
whereas crossover controls the convergence of
the objectives on the better solution. With a low
mutation rate, different window iterations will
not be generated to a full extent, posing a risk
for the algorithm to converge to a local optimum
solution. If the crossover rate is low, then
designs will be generated but convergence
towards optimum solutions will fail. The
window design variables, that constitute the
genes for the algorithm, were a) the sill height,
b) the head height, c) the window width and d)
the distance from the axis defined by points A,
D in Fig. 3. Discrete values were used for all
four genes, as shown in Table 4.

Table 3: Octopus settings for genetic algorithm.
Octopus overall settings
Mutation Crossover Population Mutation

Elitism

rate rate size probability
0,70 0,60 0,70 462,00 0,01
Table 4: Octopus gene input variables.
Design variables
Gene Unit Step Range
Sill height m 0,5 [0-1,5]
Window height m 0,5 [0,5-2,5]
Window width m 0,5 [0,5-2,5]
Distance from wall m 0,5 [0 -2]

RESULTS AND DISCUSSIONS

The Pareto front shown in black dots in Fig.
5 indicates that there is no single optimum
solution for the efficient trade-off between
daylight and heating. Different configurations
can be used, according to the choice of the
design team. The advantage is that a decision
can be made between only 17 out of 864
solutions. The algorithm did not iterate between
all these solutions, as the selection based on
elitism decreased the necessary calculations.
Fig. 5 shows that for smaller WWRs, the Pareto
optimal solutions converge towards higher
positions of the window. The window is placed
more centrally to decrease ADID. It is also
increased in size, always placed 1 m high above

floor level, unless the WWR requires a lower
sill height.
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Figure 5: The Pareto front and dominated solutions.

Fig. 6 shows the electrical lighting use and
the heating energy intensity for different ranges
of WWRs. For WWRs between 10% - 40%, the
electricity for lighting varies a lot, depending on
the exact window position. The difference in the
annual use for a WWR of 20-30% can reach 5
kWh/m?, which is nearly 30% of the total use of
the worst-case solution. It is also evident that a
WWR of 10 — 20% can admit more daylight
than a WWR of 30 — 40%.
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Figure 6: The electrical lighting use and heating energy
intensity for different ranges of WWR.
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The heating intensity on the other hand
presents a more straightforward trend. There is
a clear correlation between the amount of
glazing and the heating energy use, due to the
significantly lower U-Value of the window.
Furthermore, the room is oriented towards
north, and increasing the window area does not
provide enough solar gains to compensate for
the low U-Value. For a balanced trade-off
between heating and daylight, a WWR of 10 —
30% is the optimum choice.

CONCLUSION

The optimization method presented in this
paper generated a sufficient but at the same time
limited amount of Pareto optimal solutions. All
solutions complied to user defined requirements
of view and window geometries. Simulation
data from both Pareto optimal and non Pareto
optimal window geometries was analysed and
showed that WWR is an insufficient prediction
of daylight utilization. Centrally and highly
placed windows performed better in terms of
the optimization objectives.

In order for this fenestration technique to be
more useful for practitioners in the design field,
a simultaneous optimization of multiple
windows and extended capabilities of the
geometric filter could be implemented. Such a
filter could facilitate interactive reprogramming
by the user to comply with new ideas and design
requirements of the design team. The
computational burden of a reliable Pareto front
population is bound to increase exponentially as
more parameters are included. Further studies
could look into ways of decreasing
computational cost in  multi window
configurations without adversely affecting the

solution space. Possible ways would be to
reduce gene range, and to limit the impact of
solution duplication by use of a simulation
results database.
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