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INV ITED
P A P E R

1 Home Smart Home: A Danish
2 Energy Positive Home
3 DesignedWith Daylight
4

5

6

7 By Ellen Kathrine Hansen, Gitte Gylling Hammershøj Olesen, and Michael Mullins

8 ABSTRACT | This paper focuses on how smart technologies

9 integrated in a one-family home, and particularly a window,

10 offer unique challenges and opportunities for designing build-

11 ings with the best possible environments for people and

12 nature. Toward an interdisciplinary and multidimensional ap-

13 proach, we address the interaction between daylight defined in

14 technical terms and daylight defined in aesthetic, architectural

15 terms. Through field tests of a Danish carbon-neutral home and

16 an analysis of five key design parameters, we explore the con-

17 tradictions and potentials in smart buildings, using the smart

18 window as an example of how quality of life and technical ad-

19 vances are synthesized and when they contradict. We focus on

20 the need to define quantitative and qualitative values and syn-

21 thesize these in a multidimensional design approach, toward

22 allowing the house to adapt to a changing climate, satisfy the

23 human needs of the occupants, together with meeting calcu-

24 lated energy requirements. Thus, integrating windows as key

25 design elements in energy-positive buildings addresses aes-

26 thetic as well as technical potentials. This integration of factors

27 from different fields can both support and counterbalance one

28 another in the design process. We maintain that a hybrid ap-

29 proach to the energy design is central. The study illuminates an

30 approach of the design of smart houses as living organisms by

31 connecting technology with the needs of the occupants with

32 the power and beauty of daylight.

33KEYWORDS | Daylight design; experiment; green buildings;

34hybrid energy design; solar energy; sustainable development;

35sustainable smart architecture; windows

36‘‘It has been interesting to experience that the house
37reactsVin some cases it even feels like the house acts as
38a direct function of human needs. The solar shading, for
39instance, closes just as we start to feel the need to rub
40our eyes and the skylight blinds come down just before
41the sun breaks through the clouds. If you did not know
42better you might think that the house was wired up to
43your nervous system.’’

44VAnne-Mette, occupant [1]

45I . INTRODUCTION

46The popularity of smart homes, or home automation, has
47increased greatly in recent years due to the higher afford-
48ability and simplicity of the technology. This trend can be
49anticipated to gather pace following the widespread use of
50smartphone and tablet connectivity. Through the integra-
51tion of information technologies with the dwelling envi-
52ronment, structures, components, and appliances are able
53to communicate interactively to enhance accessibility,
54energy efficiency, and safety. However, the ability to im-
55plement high-tech solutions to automation of functions in
56a home does not in itself ensure a higher quality of life. A
57hybrid design approach [3], which considers multidimen-
58sional solutions, remains an essential ingredient in achiev-
59ing overall success.
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60 A fundamental design element in energy-generating
61 and CO2-neutral houses is the direct harnessing of the
62 sun’s energy. Smart management technologies with
63 energy-efficient building components can enable dwell-
64 ings to act like living organisms, detecting users’ needs,
65 sensing indoor and outdoor climatic conditions, and
66 regulating the required supply of light and heat accord-
67 ingly. Smart technologies can further contribute to an
68 architectural freedom where beautiful spaces simulta-
69 neously create natural living environments and reduce
70 energy consumption. A great challenge lies in integrating
71 building components, control technologies, and user
72 aspects, through a design thinking that focuses on both
73 the qualitative and quantitative values inherent in good
74 architecture.
75 The ‘‘hybrid’’ method is exemplified in the interdisci-
76 plinary design of a Danish experiment in building a
77 carbon-neutral home [2], [3]. The dwelling was developed
78 by the building industry in close collaboration with archi-
79 tects, engineers, and researchers. This paper explores the
80 experiment with focus on the ‘‘smart window’’ as an
81 example. We investigate how a smart window constitutes a
82 multidimensional design element in the energy-optimized
83 homes of the future, where living quality and technical
84 improvements are synthesized in the design. We will focus

85on the complexity and contradictions in designing energy
86producing houses and the potential, or need, to define and
87synthesize the quantitative and qualitative values of a
88house that adapts like a living organism to changing cli-
89mate conditions and the needs of the occupants.
90To explore our vision, we use some of the qualitative
91data and experience collected on the indoor climate and
92energy use experienced by the occupants, during the
93two years that the house was occupied. In this paper, we
94describe the house, the technologies, the overall findings
95in the measurements, and the intentions through the
96design process. Then, we explore how the smart window
97can be employed as a multidimensional design element.
98Finally, we define contradictions and opportunities in
99designing with both qualitative and quantitative design

100parameters.

101II . HOME FOR LIFEVAN EXPERIMENT

102Judging by looks alone, the simple one-and-a-half-story
103190-m2 house on a residential street outside Aarhus,
104Denmark, is an ordinary single-family home; see the photo
105of the house in Fig. 1. The stylish little house is a typical
106Scandinavian home. But this house is different. Looking
107carefully you will see that the house has a lot of window

Fig. 1. Home for Life: the south-facing smart window facade, the roof with integrated roof top windows, solar cells, solar heat panels,

and the weather station on top of the roof. Photo by AdamMørk.

Hansen et al. : Home Smart Home: A Danish Energy Positive Home Designed With Daylight
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108 area in all directions, a big south-facing roof with integ-
109 rated solar panels, photo voltaic, and skylights, and a sort
110 of an antenna on the top of the roof, which on investigation
111 turns out to be a weather sensor. Smart components are
112 compiled into an energy-optimized design: smart windows
113 are carefully designed in a technical and architectural
114 context. The house is designed to generate more than
115 enough power to run itself, solely relying on the sun, while
116 simultaneously creating spaces where one feels comfort-
117 able and may enjoy the daylight, fresh air, and close
118 connection to the outdoors [7]; see Fig. 2.
119 The roof apex has been shifted toward the north,
120 thereby creating a large south facing roof surface. On the
121 ground floor, a central kitchen/dining room next to the
122 west-facing living room emphasizes the large volumes
123 created by the roof. On the first floor are bedrooms and the
124 bathroom; these rooms, like all the rooms, have daylight
125 from more than one direction and have access to balconies
126 or terraces.
127 Smart facades and roof top windows, tight insulation,
128 and a climate-control system minimize the need for
129 electrical lighting and heating. The sun handles the rest:
130 solar panels, solar thermal collectors, and the Home for
131 Life’s south-facing orientation allow the house to generate
132 enough electricity and heat to make it carbon neutral.
133 Moreover, energy calculations indicate that the use of
134 building materials produced with less energy means that

135the emissions from their manufacturing will be negated
136within 40 years [4], [5].
137The house was the first of eight experiments that
138the international window companies Velfac, Horsens,
139Denmark and Velux, Hørsholm, Denmark, together with
140their international sister companies Sonnenkraft, Tølløse,
141Denmark, and WindowMaster, Vedbæk, Denmark, have
142developed in five European countries [5]. The goal is to
143build a sustainable, affordable house that uses readily
144available technology to negate its imprint on the environ-
145ment and to promote the health and comfort of its inha-
146bitants through plenty of daylight and fresh air.

147A. Multidimensional Energy Design
148As the project manager on this house, the first author
149worked closely with engineers, architects, and specialists
150from the window industry to ensure that every design de-
151cision took the overall vision into considerationVto create
152a house that did not use more energy than it gives back
153and, at the same time, has a good indoor climate with plenty
154of daylight and fresh air. Every technical requirement as
155well as architectural form was framed in terms of aesthe-
156tics, energy, and comfort. Various methods were used to
157communicate the aesthetic and technical elements, often
158with the smart window as a central element, including
159traditional architectural drawings, paintings, renderings
160and models, studies of scale models in light laboratories,

Fig. 2. Energy section illustrating the airflow for natural ventilation, the sunlight from summer and winter sun, the energy producing

technologies on the roof, and the control system.

Hansen et al. : Home Smart Home: A Danish Energy Positive Home Designed With Daylight
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161 and 3-D animations in Velux Daylight Visualizer2. Esti-
162 mated energy consumption and production as well as
163 indoor climate values were continuously calculated in the
164 Danish software programs BSim and Be06. These calcu-
165 lations were used at all interdisciplinary workshops to
166 identify relationships between technical elements and
167 aesthetic considerations in all design strategies, in order to
168 be able to communicate across disciplinary boundaries
169 with a common language and set of concepts. By looking at
170 the smart window as a holistic design element, we became
171 aware of the fact that the usually employed, quantitative
172 energy performance criteria were in conflict with other
173 qualities of window design.
174 The process resulted in a design that unites low-tech
175 and smart high-tech elements through an intelligent
176 control system with sensors in all rooms registering tem-
177 perature, CO2, and humidity; and a weather station on
178 the roof registering wind speed and direction, tempera-
179 ture, and rain. Both are connected to the mechanical
180 ventilation with heat recovery, the heating system, and
181 not least the smart windows; see the system description
182 in Fig. 3.

183The energy is produced by technologies integrated in
184the building, harvesting the energy directly from the sun
185and converting it into electricity and heat. The 50 m2 of
186polycrystalline photovoltaic panels with 13% efficiency
187generate about 5500 kWh a year. That is 20% more
188electricity than the house is expected to need, although in
189winter, it does draw some power from the electricity grid.
190The frameless dark photovoltaic panels are carefully
191integrated into the dark slated south-facing roof as part
192of the roofing [7].
193Heating comes in through the windows supplied by the
194solar thermal collectors. 6.7 m2 of collectors catch the
195sun’s rays on copper plates integrated on the lowest part of
196the south sloping roof between the roof top windows.
197Underneath the plates, copper pipes circulate fluid that
198absorbs the heat of the plates, converting 95% of the sun’s
199energy into heat. The collectors can catch indirect sun-
200light, as well, so the house still has heat on cloudy days.
201Should more interior heating be needed, an air-source heat
202pump will be activated. In one common configuration of
203this type of pump, air passes through a heat exchanger
204placed outside the house to transfer the air’s warmth to a

Fig. 3. System description of the house. By WindowMaster.

Hansen et al. : Home Smart Home: A Danish Energy Positive Home Designed With Daylight
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205 liquid medium. The liquid travels to an electricity powered
206 compressor inside the house, which applies pressure to
207 raise the fluid’s temperature further. In general, a heat
208 pump is far more energy efficient than conventional oil or
209 electric heating, and it has lower CO2 emissions. The
210 pump’s performance depends heavily on the amount of
211 heat contained in the air; when it is cold outside, these
212 heat pumps are not efficient. To avoid that problem, the
213 heat pump uses the solar collectors to preheat the cold
214 winter air before it reaches the heat pump. The pump can
215 then easily produce 20 !C water even when the outside
216 air is below freezing. After the liquid is compressed, the
217 heat travels through pipes in the floor and radiators. In
218 all, the solar collectors and pump are calculated to pro-
219 duce 8000-kWh heat a year [7].
220 The house is designed to use the daylight as en energy
221 optimizing and architectural design parameter to let heat,
222 fresh air, and light into the interior and to produce energy
223 directly from the sun. The house does not need a cooling
224 system, because it provides both ventilation and screening
225 of the sun when needed. This is where smart windows
226 come in. The Home for Life has about double the window
227 area of an ordinary Danish single-family house. This is
228 possible because of the specialized energy optimized panes
229 with two or three layers of glazing, depending on orienta-
230 tion, which in the cooler months reduce the heat escaping
231 from the inside while allowing ample heat and daylight to
232 enter. In fact, the windows alone are estimated to deliver
233 half of the heating needed during wintertime.
234 Windows in all four walls and a slanted skylight flood
235 the rooms with sunshine. Built-in external blinds move
236 autonomously to adjust to glare and heat, angling slats in
237 response to climatic conditions. To bring in more fresh
238 air, the horizontal top windows and skylights slide open
239 with a hiss. ‘‘It’s fun to listen to’’ the children report [10].
240 To minimize the need for artificial lighting, we designed
241 the space so that daylight pours in from all four direc-
242 tions. These are clearly articulated in the plan through a
243 ‘‘cross of light’’ shown in Fig. 4, which also defines exits,
244 ventilation openings, seating recesses, and frames around
245 views.
246 The large windows cut down on the amount of
247 electrical lighting and mechanical ventilation needed. A
248 roof overhang on the south side provides shade when the
249 sun is high in the summer, and shutters and blinds on both
250 sides of each window regulate the transmittance of heat
251 and provide privacy; see illustration of the many regulating
252 layers in the smart window in Fig. 5.
253 To further reduce the risk of overheating, the windows
254 are programmed to open on their own to let in fresh air.
255 Sensors in every room track the temperature, carbon
256 dioxide levels, and humidity, and a weather station on the
257 roof monitors outside conditions, including temperature,
258 wind speed, rain, luminance, and solar radiation. All
259 information registered by the sensors is gathered by the
260 intelligent control system.

261The control system uses that information to decide
262when to lower the solar screens or slide open selected
263panes or both. These automated adjustments of the
264windows, rather than traditional air-conditioning and
265heating, provide the bulk of the house’s temperature
266control.

267B. The Actual Energy Use and Indoor Climate
268Three main data sets were collected: quantitative tech-
269nical performance measures; qualitative data on occu-
270pants’ experiences; and observations on the experience
271windows give to the house and its spaces, captured through
272photography and daylight modeling.
273The house has been inhabited by two families. Family 1
274(F1), a mother, a father, and three children ages 0, 4, and
2757, have lived in the house for a year. Most of the registra-
276tions from this family are from anthropological studies
277from the research project Minimum Configuration, Home
278Automation [9], [10]. Afterwards, family 2 (F2), compris-
279ing a male and a female and sometimes their grown up
280children, bought the house. The registrations for this
281family are from a journal they have kept for researchers
282[1]. The qualitative registration has been through partici-
283pant observations [10] (see anthropologist and occupant in
284Fig. 6), cultural probes such as monthly diaries and photos,
285as well as observations by the architects [1], [8], [10].
286Methods for quantitative registration include energy simu-
287lation with solar heat gain and losses in BE06 and Bsim,
288simulation of indoor climate conditions, simulation of na-
289tural ventilation, simulation of daylight, measurements of
290daylight, and luminance mapping [9], [12]. Some of the
291preliminary findings are that the energy consumption for
292heating was higher than expected, primarily caused by
293different forms of user behavior than anticipated. The cal-
294culated requirements for heating were 15 kWh/m2/year,
295and the normalized requirements of the actual use are
29620 kWh/m2/year after two years of occupation. According
297to Velux [6], 62% of the divergence from the calculated
298and actual use is caused by a different user behavior than
299expected, such as higher room temperature, manual over-
300ride of sun screening, higher need for domestic hot water,
301and lower internal heat loads (appliances + persons).
302Another factor is the building itself, which gave a 19%
303performance deviation due, among other things, to a less
304than anticipated sealing of the envelope. Finally, the tech-
305nology control systems cause a further 19% of the diver-
306gence due to dissimilar performance than expected by the
307heat pump, technical regulations of solar screening, and
308efficacy of heat recovery.
309It was also found that a good indoor climate requires
310sun screening and effective control of the hybrid ventila-
311tion system. To achieve the optimum indoor climate, it is
312important that there are openable windows in every room.
313According to Velux [6], the kitchen/dining room which has
314a large south-facing window area and, consequently, a
315huge influx of daylight achieves category 1 in terms of

Hansen et al. : Home Smart Home: A Danish Energy Positive Home Designed With Daylight
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Fig. 5. Smart window construction illustrating the many regulating

layers in a smart window. By Velfac.
Fig. 6. The anthropologist’s exploration of the house where she

explores the occupants and their views on living in a smart home.

Fig. 4. Plan drawing of the ground floor illustrating the entrance from the north, the living room facing south–west and the central kitchen

dining room facing south. The yellow ‘‘light cross’’ illustrates the light openings in all four directions.

Hansen et al. : Home Smart Home: A Danish Energy Positive Home Designed With Daylight
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316 thermal comfort and overheating. This is the best of four
317 classes of the European standard EN 15251 for indoor
318 climate. This fact emerges from the measurement results,
319 which show that the room is in category 1 96% of the time
320 in terms of thermal comfort. The balance between auto-
321 matic control and the opportunity for resident control can
322 be optimized, partly in terms of hybrid ventilation systems,
323 the use of external sun screening and user interaction, so
324 that the house creates a greater possible degree of comfort
325 with the lowest possible use of energy. Control in the
326 spring and autumn in particular can be optimized. Con-
327 sidering this categorization, it is interesting that the quali-
328 tative interviews showed that the occupants in many cases
329 deactivated the solar shading in favor of daylight, views,
330 and contact with the surroundings [1], [8], [10]. Some
331 overheating has been recorded, which to some extent
332 was caused by the occupants overriding the solar shading.

333The occupants have also overridden the system by
334manually opening the windows in the heating season for
335fresh air, which influences the energy consumption for
336heating [9].
337This underlines the necessity of awareness of a more
338hybrid understanding of how the technical and energy-
339efficient approach is influenced by the experience of liv-
340ing in the house. It also illuminates the smart window as
341a central design element, not as a component but as a
342multidimensional design element, where context, tech-
343nical, and aesthetic parameters are considered. To ex-
344plore this, we have categorized the windows in the Home
345for Life as four window design elements. In Table 1, the
346four window design elements are illustrated: the south-
347facing smart window; the square east/west-facing win-
348dows; the north-facing rooftop windows, and the light
349cross [2].

Table 1 The Four Window Design Elements: the South-Facing Smart Window; the Square East/West-Facing Windows; the North-Facing Rooftop

Windows; and the Light Cross

Hansen et al. : Home Smart Home: A Danish Energy Positive Home Designed With Daylight
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350 III . THE SMART WINDOW:
351 A MULTIDIMENSIONAL
352 DESIGN ELEMENT?

353 In the following, we explore how the smart window as a
354 central design element needs to be defined through a broad
355 multidisciplinary approachVa multidimensional design
356 process. We want to illustrate that the hybrid approach
357 can be used both as an aesthetic device and a technical
358 tool to improve quality of life in energy positive homes.
359 The total window area in the Home for Life is 70 m2,
360 corresponding to 40% of the floor area, about twice the
361 area of windows in traditional Danish houses. The window
362 area of the four façades is distributed as follows: 70%
363 south, 5% north, 11.5% east, and 11.5% west [2]. During
364 the heating season, automatic natural ventilation from the
365 window openings is supplied by mechanical ventilation,
366 through the means of heat recovery. The Danish energy
367 frame simulation program BE06 estimates that 50% of the
368 energy needed for heating is covered through passive
369 heating through the windows [6].

370 A. Analyzing the Window Through Aesthetic and
371 Technical Means
372 There is an increasing tendency in newer buildings to
373 orientate windows so that they may optimize the gain of
374 solar heat. This tendency is a result of quantitatively de-
375 fined criteria for the reduction of the energy used on
376 heating. However, windows are also essential for the
377 quality of life; they affect our senses and perception of
378 surrounding environments to a great extent as has, for
379 example, been shown in a large number of studies in
380 hospital environments [11]. Thus, focus on the possibilities
381 of harvesting energy directly from sunlight should be
382 combined with the unique opportunities for designing
383 buildings with the best possible natural environments
384 for people; design and new technologies integrated into
385 smart windows require that aesthetics, user experiences,
386 and technical aspects of daylight are addressed [13].

387Instead of looking at the performance of the window as
388an isolated building component, we have already defined
389four window design elements (Table 1) used in the design
390of the Home for Life. Analyzing the window design ele-
391ments in this way makes it possible to look at the per-
392formance of the smart window where the context of
393orientation, function, and indoor and outdoor relations
394differ.
395The following analysis focuses on finding technical and
396aesthetic aspects of the window design elements in the
397case study house, where smart windows are key design
398components to improve indoor climate and the quality of
399living in the house. The intention of this analysis is to
400articulate design parameters, which contribute signifi-
401cantly to the smart energy-optimized house [2], such as:
4021) expression of space and materials evoked through
403daylight;
4042) indoor and outdoor relations;
4053) functional daylight conditions;
4064) fresh air and comfortable temperature;
4075) solar heat gain.

4081) Expression of Space and Materials: The kitchen/dining
409space is the central and most expressive room in the house
410as all of the four window design elements are represented
411in this space. In the kitchen/dining space, the light comes
412in from five directions. There is constantly sunlight in the
413kitchen/dining space throughout the year from sunrise
414until sunset. The entering sunlight adds varying and
415dynamic accentuations of the space, made more expres-
416sive by the automatic external and internal blinds. Fig. 7
417illustrates the kitchen/dining room and the changes of
418light in June in response to the active façade and at noon
419and in the evening. The first picture illustrates how the
420sunlight from the rooftop windows strikes the wall and
421how the sunlight from the south-facing glass façade is
422blocked by the eaves to prevent overheating from the sun
423during summer. The second picture illustrates the same
424daylight situation, while the external shading is down on

Fig. 7. Thekitchen/dining room looking east. The light and atmosphere in the roomchange according to the smart façade and the timeof the day.

Photos by Adam Mørk.

Hansen et al. : Home Smart Home: A Danish Energy Positive Home Designed With Daylight
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425 the south-facing façade and on the roof top windows to
426 prevent overheating. It creates another atmosphere in the
427 room because of the indirectly filtered light through the
428 blinds, reducing contrasts and glare. The third picture
429 illustrates the warm low evening sun lighting up the space
430 from west–north–west.
431 The room is characterized by a sloping ceiling, which is
432 a result of the south-facing roof being generously extended
433 to optimize for the generation of energy. Internal windows
434 to the middle bedroom and toilet plus the south-facing
435 bedroom strengthen this effect. The skylight penetrates
436 through the north-facing roof window in this south-
437 facing room.
438 The modernistic motif of the south-facing glass façade
439 creates a contrast to the east/west-facing windows, which
440 appear as classic holes punched into the façade, through
441 which the hot and low sunlight is transmitted in the
442 morning and evening hours. The thick, well-insulated
443 walls and the insulating qualities of the glass create a space
444 for a window recess with a place to sit. In her diary in
445 March 2011, the female occupant of the house, family 2,
446 F2F, writes:

447 ‘‘The window sill in the east-facing window is
448 quite naturally used as a seat several times a day. It is
449 a good place to get lost in one’s own thoughts with a
450 cup of tea after work, or a good place for a break’’ [1].

451 After the first three months, test family 1 (F1) explains:

452 ‘‘The best with this new house compared with our
453 old house is the light. The light is better and, look,
454 we are sitting here, it is past 7 p.m., and the light
455 over the dining table is not lit’’ [8].

456 In May 2011, F2F writes in her diary:

457 ‘‘We still notice the many beautiful details of the
458 house, including both the slated façades and the
459 changing light in the house’’ [1].

460 The occupants enjoy the daylight from all directions,
461 which is possible because of the smart window system.

462 2) Indoor and Outdoor Relations: The two east/west-
463 facing windows and the south-facing active glass façade
464 create a strong transparent connection to the outside,
465 illustrated in Fig. 7. The ‘‘light cross’’ also contributes to
466 opening up of the house, connecting to the west through
467 the living room and to the north through the hall. In the
468 participant observation, the anthropologist writes:

469 ‘‘Sitting in the kitchen/family room you easily let
470 your eyes wander to follow life outside the house.
471 The six-year old boy of the family tells how the
472 family from the dining table can watch the sun rise

473and the mother of the family fancies looking out of
474the windows and compares the windows to pictures.
475One window represents one picture; another win-
476dow is a new picture, etc. And they are always dif-
477ferent. Actually, they enjoy the view so much that
478they like to let in more light and heat than permitted
479by the smart system. Then, they override the system
480and roll up the awning blinds when the system tries
481to control the heat’’ [10].

482The south-facing window façade faces the road in front
483of the house, resulting in the occupants pulling down the
484sunscreen to have more privacy [12]. This interferes with
485the expected amount of energy gained through the façade.
486The anthropologist points out:

487‘‘At the beginning, the family asked for blinds on
488the first floor, in the living room, and in the kitchen/
489family room. They are used a lot, and at the same
490time, the family is excited about the great view from
491the house, which is considered a great asset to the
492house. So, in general, there is a conflict between
493the need for screening as a means of controlling the
494temperature on the one hand, and the view and the
495daylight admittance on the other hand’’ [10].

496In May 2011, the female occupant of the house F2F
497writes in her diary:

498‘‘We still notice the many beautiful details of the
499house, including both the slated façades and the
500changing light in the house. We do not have to get up
501from the chair and walk to the window to look out. The
502big windows provide a view, whether we are cooking,
503sitting in the living room or in our rooms’’ [1].

504It has also been reported that the families, in some
505cases, pull up the sunscreen to get the view, which can
506cause overheating [10].
507The occupants like the connection to the outdoors;
508sometimes they need screening for privacy and sometimes
509they pull up the screen to get the view. These needs can
510conflict with the need for regulating the façade for passive
511solar heat and overheating. The occupants end up
512overriding the intelligent system to fulfill their needs for
513view and privacy.

5143) Functional Daylight Conditions: The two large square
515windows facing east and west, the south-facing active
516window façade, and roof windows in each side of the
517south-facing roof slope result in a daylight factor average in
518the kitchen/dining room of around 10%, with large areas of
519the space exceeding daylight factors of 20% [12].
520Glare might occur. F1 pulled down the internal and
521external blinds to dim the light level and create privacy,
522which has resulted in reduction of possible solar heat
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523 gains. The south-facing active façade is critical in the
524 southwest-facing room on the first floor. F2F writes:

525 ‘‘It is nice to have so much light in the house. The
526 character of the light changes with the weather. How-
527 ever, my husband has to pull down the external sun-
528 screen to the balcony in the office during the day. The
529 internal blinds are not enough. Too much reflection in
530 the computer screens makes work impossible.’’

531 She adds:

532 ‘‘Evening blinds and sun screening have started to
533 go down later, meaning that we can enjoy the days
534 getting longer. The timing is perfect.’’

535This accentuates the experience of the house following
536the rhythm of day and year [1]. See photo and daylight
537simulations of the kitchen/dining room looking west in
538Fig. 8 and daylight simulations showing the daylight factor
539(percent of daylight in the room) of the ground floor and
540the first floor in Fig. 9.
541F1 experienced using very little electrical light due to
542the level of daylight, and the anthropologist notices:

543‘‘The family has the experience that they use
544less electrical light than in their old house and
545they mention the great amount of daylight intake
546as one of the things they will miss the most,
547when they move back to their old house from the
5481970s’’ [10].

Fig. 8. The kitchen/dining room looking west. Two simulations show that the space has a very well-distributed daylight environment.

Simulations developed in Velux Daylight Visualizer 2.

Fig. 9. Daylight factor at ground and first floors. Simulations developed in Velux Daylight Visualizer 2.
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550 lighting. Internal and external shadings are manually used
551 to avoid glare; this can conflict with the need for passive
552 solar heating, which is primarily needed during the heating
553 season, where the sun is low and, therefore, increases the
554 risk of glare.

555 4) Fresh Air and Comfortable Temperature: The top
556 windows in the south-facing façade and the doors placed on
557 the ‘‘light cross,’’ together with the roof windows, are pro-
558 grammed for automatic natural ventilation. This aspect of the
559 design has been carefully cultivated. In March, F2F writes:

560 ‘‘InMarch, we experienced that the house changed
561 from winter to summer. The first time the house
562 went into summer state it took us by surprise. It acted
563 differently than we were used to. The windows and
564 roller and awning blinds went down. The air felt and
565 smelled fresherVreal outdoor air’’ [1].

566 The south-facing windows are supported with external
567 automatic sun screening and internal blinds. Temperature
568 was measured to be below the criteria of category 1 in
569 EN15251 for more than 96% of the year. However, the
570 measurements and the observations indicate that there are
571 periods, especially during spring and fall, and shorter
572 periods during summer, when overheating occurs [9], [10].
573 In Fig. 10, the measured temperatures in the house are
574 shown for the first year in relation to the measured
575 outdoor temperatures illustrated according to the Europe-
576 an Standard EN15251. The horizontal axis displays running
577 mean temperature in degrees Celsius (outdoor tempera-

578ture), while the vertical axis displays the measured
579operative indoor air temperature in degrees Celsius. The
580colored dots are all individual hourly measurement points
581of indoor air temperature; these are colored in relation to
582the season in which they are measured, respectively,
583winter, spring, summer, and autumn. For example, the
584blue dots are indoor air temperatures measured in winter
585time and are related to the colder outdoor temperatures,
586whereas the opposite applies for the orange summer
587measurements. The three types of lines across the table
588represent categories I, II, and III, defined by the European
589Standard EN15251; thus, the amount (or percentage) of
590hours that fall between these lines determines the category
591of the temperature conditions of the house. The tables to
592the right of the graph display how many hours fall within
593each category. The column ‘‘over/underheating’’ shows the
594number of hours that fall within the area of the respective
595categories; 7473 h fall within category I and then
596additional 832 h fall within category II, and so forth.
597Fig. 10 describes the percentage of the number of hours
598that fall within each category; 85.3% of hours fall in
599category I, equaling 7473 h of the total 8760 h in a year.
600Ideally, all temperatures should be within category I.
601F2 experienced overheating primarily during winter,
602which was clearly stated in the diary by F2F from
603December:

604‘‘A Sunday with plenty of sun and more than 27 !C
605in the living room. We had to have the automatic
606control ventilate a couple of times, but we felt more
607like opening all doors to outside, to the 2 !C below the
608freezing point. We did not, but we sat for a while on

Fig. 10. Indoor climate illustrated according to the European Standard EN15251 showing the measured operated temperature as a

function of running mean outdoor temperature. The columns to the right display the number of hours of over/underheating

in relation to the categorization in EN15251.
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609 the terrace by the living room. The house keeps the
610 warmth, which we could benefit from later that
611 evening and that night. It is still winter, you know’’ [1].

612 A couple of months later, in February, F2F continued:

613 ‘‘We had the pleasure of the sun in February. We
614 came home late on a Saturday afternoon. It was
615 probably 29 !C in the living room and 27 !C in the
616 kitchen. When we entered the house, we were cold, so
617 feeling the warmth was actually very pleasant. The sun
618 was also strong the following day. We pulled down the
619 awning blinds in the kitchen, which instantaneously
620 gave us a pleasant feeling, and the temperature stayed
621 at an acceptable level around 24 !C–25 !C’’ [1].

622 Finally, in May, F2F writes:

623 ‘‘When we experienced in January how the low
624 sun could heat the house up to 28 !C–29 !C by frosty
625 weather, we feared the extensive heat in the summer
626 half-year. However, we managed to keep pleasant
627 temperature. On hot days, the house feels cooler
628 than the temperature outside. It does not take much
629 sun to activate the sun screening and ventilation.
630 Usually, the house is prepared to provide heating,
631 and the air in the house is always fresh’’ [1].

632 Automatic natural ventilation and automatic external
633 shading are important elements to prevent overheating
634 and support the house with fresh air. During winter, when
635 the sun is low, it is not always possible to prevent
636 overheating by shading and mechanical ventilation. To
637 save energy on heating, the system is not programmed to
638 cool through natural ventilation during the heating season.

639 5) Solar Heat Gain: According to calculations, the south-
640 facing window supports the house with solar heat during

641the heating season, the east/west-facing windows are
642neutral, and the north-facing windows bring no energy [7].
643During the design of the house, it was simulated that half
644the required energy needed for heating could be covered
645by solar heat gain through the windows [7]. See Fig. 11 for
646energy balance, the solar gain, and transmission losses in
647all four directions. The figure shows the so-called energy
648balance of, respectively, the south-, east/west-, and north-
649facing windows. Each diagram has two sets of columns; the
650first shows the window without shading and the second
651shows the window with external sun shading. The green,
652left column shows the transmission loss: the calculated
653loss of energy from the house to the outside through the
654window. The orange, right column shows the calculated
655heat gain from the sun that enters from the outside
656through the window. In case of the south-facing windows
657with no external sun shading, more heat enters into the
658building than is lost and the window supplies the building
659with energy in the form of heating. When external sun
660shading was added to south-facing windows, only half the
661solar gains were supplied to the building, compared to
662previously resulting in a transmission loss, which is a little
663larger than the solar heat gain. Here, it is also important to
664consider the consequences of heat loss (or gain) through
665the window in terms of overheating inside the house or the
666fact that sun screening may limit the views of the outside.
667The diagram also shows that the south façade has the
668largest possibility for supplying the building with heating,
669whereas the north-facing windows have the smallest
670potential; east/west-facing windows have the potential to
671gain as much energy as they lose, which is the ideal
672scenario.
673F2 shows interest in the fact that the sun supports the
674house with energy. In November, F2F writes:

675‘‘We hope for a very sunny winter to support the
676balance of energy. ‘Good weather’ has a completely
677new meaning to us now’’ [1].

Fig. 11. Energy balance, the solar gain, and transmissions losses in all four directions.
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678 The south-facing windows support the house in the
679 heating season, but not as much as was calculated, which
680 was mainly caused by a different user behavior than
681 predicted in the simulations.

682 IV. DISCUSSION

683 With the aim of illustrating how a multidimensional ap-
684 proach to the smart window as a design element can be
685 used both as an aesthetic method and a technical tool, this
686 paper focuses on a key subject within the ongoing sustain-
687 ability discourse: how can smart architecture improve
688 quality of life and not merely technological prowess? The
689 case study used presents an experimental, full-scale,
690 energy-positive house with real occupants and profes-
691 sionals involved. While the presented data are drawn from
692 the large amount of information gathered, much larger
693 than can be presented in this single paper, important evi-
694 dence indicates that the window is of primary importance
695 as an element of the ‘‘smart house.’’
696 There are obvious technical disadvantages to designing
697 energy-positive houses with extensive glazed areas.
698 Healthy indoor climate conditions are defined by stan-
699 dards such as the European Standard EN15251 or energy
700 performance defined in the Passive House Standard. How-
701 ever, the occupants’ experiences in the present case study

702point to the importance of their experience of smart
703windows and the subsequent effect of their experiences on
704energy use. Differentiated daylight, awareness of archi-
705tectural space, fresh air, glare, relation to site-specific sur-
706roundings through physical and visual access, and views of
707the surrounding landscape and cityscape are all essential
708factors to be considered in future sustainable housing,
709which aims to have life-improving effects. In Table 2, we
710have rated the window design elements in relation to the
711aesthetic and technical findings described in this paper.
712ð#Þ indicates that the window design element does not
713add to the quality of living, whereas ðþÞ or ðþ þÞ indi-
714cates that the window design element adds ‘‘good’’ or ‘‘very
715good’’ qualities to the house [2].
716The analyses also underline various contradictions
717between aesthetic and technical aspects, which illustrate
718that it is imperative that potential conflicts be addressed as
719early as possible in the design process. The issues about
720quality are important but are often overlooked in a purely
721technical analysis. An occupant-oriented approach to both
722programming and analysis of the houses is valuable for an
723optimal use of daylight potential. Focus on the life in the
724house and the potentials of smart solutions help us in
725understanding how to work with nature instead of fighting
726it. It also helps us understand how new products and
727technology can meet traditional and future requirements.

Table 2 The Table Presents Negative and Positive Impact Aspects of the Respective Window Design Elements. The Table Presents the Contradictions in

the Different Values and Thereby the Importance of Defining the Window as a Multidimensional Design Element in the Design of Smart Homes
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728 We maintain that there are potentials in a multi-
729 dimensional approach to the design of smart energy-
730 optimized homes. All four analyzed window design
731 elements afford occupants with aesthetic qualities, such
732 as the evoking of space and materials through daylight,
733 indoor and outdoor relations. While it is clear that the
734 aesthetic aspects of dwelling in a smart house have an
735 important role to play in its design, this paper points out
736 that these aspects do not always correspond with the
737 technical demands placed on the design. The challenge is
738 to develop tools, design strategies, legislation, and building
739 components where the complex synergy between technical
740 and aesthetic design parameters can be united in smart
741 homesVsmart homes for people. h
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