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Abstract: Daylighting design is not only a stage of dimensioning glazed surfaces to provide sufficient natural
light to an occupied space, but also a method of analysing how this matter can be achieved without unwanted
effects, such as: gains and losses of heat, glare, and variations of the daylighting intensity, at various indoor
distances and levels. According to the international regulations in force, glazed surfaces must be designed with
a careful balance between the admission of natural light and thermal performance, such as heat loss in winter
and heat gain in summer. In a novel project, it is essential to determine the optimal ratio of window-to-wall
surface area. This necessity arises because the materials constituting the glazed surfaces of windows typically
exhibit lower insulation properties compared to those of the building's walls. This methodology could be
applied to building renovations when envelope modifications are possible and suitable. The case study
presented in the paper highlights the energy consumed due to a group of windows with a large glazed area in
an existing building, located in a temperate continental climate area. The energy consumption results from
supplementary artificial lighting required to maintain adequate illumination for indoor activities and that to
counterbalance heat loss during colder periods are evaluated. The analysis performed by modifying the glazed
surface led to the identification of an optimum value of windows dimensions for an energy consumed
minimum.

Keywords: daylighting; natural lighting; energy performance; thermal balance; window surface
optimization

1. Introduction

Scientific research on human behaviour have concluded that, on average, people spend more
than 90% of their lives indoors, and consequently the art and science of designing mode buildings
are moving towards a new concept, namely wellness architecture, [1-4]. The fundamental principle
underlying the design of buildings in this manner revolves around the influence buildings exert on
the occupants who reside or work within them, aiming to create environments that enhance
occupants' well-being and comfort within the constructed space. Increasing the quality of life requires
ensuring an optimal living and working environment, as well as the economic use of existing
energies, the use of new forms of energy, as well as environmental protection [5,6]. Achieving comfort
within a building requires understanding a range of factors, including daylighting and interior
temperature dynamics.

The technical regulations identify a series of key parameters whose quality influences the human
perception of a building. Large glazing areas are architectural options through which building
owners seek to maximize the benefits of daylighting. At first glance, in addition to the clear advantage
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of reducing artificial light with positive consequences in energy consumption, large glass windows
offer the benefit of unobstructed views for the inhabitants to fully enjoy the building's surroundings.
Meeting the need for contact with the outside living environment is an important psychological
aspect linked to daylighting, [7]. Windows serve as links to the external environment, offering
orientation cues, facilitating first-hand experience of weather fluctuations, and enabling observation
of the progression of time throughout the day. Besides the aesthetic, energy efficiency and economic
advantages, a large window becomes a necessity for the physical and mental well-being of the
building's users. Daylight is recognized as having the highest levels of light needed for the biological
functions, [8-10], compared with typical electric light sources.

Providing natural light alone is not enough to meet the needs of users. In a building, adequate
lighting plays an essential role in people's health, productivity and behaviour, therefore additional
artificial lighting is required to ensure compliance with standards such as EN 12464, [11]. The EN
12464 standard establishes a minimum illumination of 50 1x, with optimal values between 500 and
1000 1x, depending on the specific activities. For particular activities, illumination levels of 1500-2000
Ix are recommended for tasks that require precision and detail. When the natural luminous flow is
unsatisfactory, the supply of artificial light is necessary.

Furthermore, concerning the energy efficiency of buildings and the lighting energy demands,
the standard EN 15193 [12] proposes consistent methodologies for assessing the energy consumption
attributed to interior lighting using a numerical indicator known as the Lighting Energy Numeric
Indicator (LENI). The LENI index can be computed either through direct measurements or by
employing either a simplified or a comprehensive calculation method.

If the building is properly located in relation to the compass points, the next aspect is to develop
an optimum glazed surface-to-wall ratio. The window area must present a balance between natural
light admission and thermal issues such as winter heat loss and summer heat gain. In standard 90.1-
2022, [13], developed by the American Society of Heating, Refrigeration and Air Conditioning
Engineers (ASHRAE), recommendations are outlined regarding the proportion of glazed surface area
relative to wall area, which vary according to specific climate zones. These guidelines emphasize
minimal values aimed predominantly at optimizing thermal performance within buildings. Notably,
the prescribed ratios prioritize thermal insulation and energy efficiency considerations while
generally overlooking the beneficial aspects of natural daylighting in the initial stages of analytical
assessment. This approach underscores a focus on mitigating heat loss or gain through glazed
surfaces without fully incorporating the potential for daylight harvesting to reduce energy
consumption associated with artificial lighting.

Natural light has a special recognition of its importance in various regulations, [14-19]. The
natural lighting system is detailed, according to [14] by parameters regarding: the openings that allow
the penetration of natural light (windows, skylights, light guides, etc.), the components that control
the natural light (glazing, light redirection devices, shading devices), as well as through their
actuation means. However, natural light is approached, in general, through the requirements of
visual, aesthetic and psychological comfort, without any reference to energy criteria.

In [15], a design guide dedicated to natural lighting extensively examines geographical and
climatic factors. The guide emphasizes the correlation between window dimensions and various
climate zones, aiming to optimize natural light utilization in architectural design. The discussion
concerning the benefits of natural light on occupant health encompasses several significant aspects,
[16]. These include its impact on mitigating depression, with morning light demonstrating twice the
efficacy compared to evening light. Additionally, natural light has been observed to influence the
duration of hospital stays, reduce stress levels, and alleviate pain among occupants. These findings
underscore the multifaceted health benefits associated with exposure to natural daylight within built
environments.

Daylighting design involves more than simply determining the appropriate size of glazed
surfaces to ensure adequate natural light in occupied spaces. It also encompasses strategies to
mitigate potential drawbacks, such as heat gain and loss. While windows typically contribute to heat
loss, they also absorb varying amounts of heat depending on their characteristics and orientation.
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Achieving an optimal balance involves careful consideration of these factors to enhance indoor
environmental quality without compromising energy efficiency.

Windows are responsible for about 30-50% of the heat loss through typical building envelopes,
depending on the size and distribution in each building, [20,21]. This number fluctuates, especially
with differing window types and the number of windows in the building. Even though today’s
windows are considerable efficient, the heat loss per area through windows is still much greater than
through building walls and roofs.

Glass, due to its low insulation capability, typically results in significant heat loss from buildings
during colder external temperatures compared to internal conditions. Conversely, in warmer
weather, glass allows heat from outside to transfer into the interior environment. In both situations,
the heat transmitted inside to outside and vice versa, must be compensated by heating/cooling
processes of the indoor air, which lead to additional energy consumption. Thus, windows play a
crucial role in regulating thermal exchange between indoor and outdoor environments, influencing
the energy efficiency of buildings. Preventing heat loss or gain through windows is important to
maintain an energy-efficient building and enhance indoor comfort.

In the paper [22], the window-to-wall ratio was analysed, and its optimization demonstrated
that this could be an important way to achieve near-zero energy consumption. The concept is
developed with the Passive House Planning Package (PHPP), which is one of the most powerful
design tools available for designing low-energy buildings. PHPP provides an approximation of this
net energy balance for the heating season (winter), but also to assess the risk of overheating (summer).
The analysis performed with PHPP provides a more nuanced picture of the building's performance.
This software is a tool that allows to test the design against the performance criteria.

Numerous publications [22-28], have extensively examined the optimal design of glazed
surfaces, primarily focusing on methodologies for assessing energy consumption relative to
standardized lighting levels. These studies typically vary variables such as window materials and
lighting installations to determine their influence on building energy efficiency [29,30]. A separate
investigation detailed in [31] explores the effects of integrating skylights and light wells on the energy
consumption and carbon dioxide emissions of a four-story building. This study represents a
departure from conventional approaches by specifically examining the broader impacts of natural
lighting strategies on building operational sustainability and environmental performance.
Unfortunately, most research refers to applications for identifying energy consumption in relation to
standard lighting levels, having as variables different windows materials, or different lighting
installations. More approaches for enhancing building design strategies that prioritize energy
efficiency while leveraging natural lighting solutions effectively are needed.

Evaluation of the energy economy for deep spaces, when a system for artificial lighting is used
to compensate for daylighting, is presented in other studies, [32]. The software Dialux EVO 12 was
used for research analysis. This software is considered state of the art in terms of electric lighting.
Currently daylighting is also a main concern for the software developers, the calculation is no longer
limited to a geographical point and a date/time of the year, and it covers an entire year, with
evaluated intervals of one hour. However, the study referenced as [32] does not address the issue of
global energy consumption for the entire building.

A very recent work is [33], where artificial lighting that complements natural light is studied.
However, the research has some major limitations: the study does not extend over the whole year,
but only over one day and one hour (the summer solstice, considered the most unfavourable day for
the southern hemisphere). Moreover, the indoor space is not equipped with sensors and automatic
control system, and the lighting is connected by on/off switches. The Dialux EVO 5.8 version was
used for evaluations in [33].

Other research leverages Dialux EVO 11 to enhance the efficiency of simulations [34]. Here, the
problem of electric lighting in addition to daylighting is also addressed, in which the context of
energy consumption for cooling a room is also found. The study extends beyond daylighting
considerations to encompass the issue of electric lighting and its interaction with cooling energy
consumption within room environments. The potential of Dialux EVO 11 is used more efficiently.
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The electric lighting is simulated in the dynamic hypothesis, and the lighting sensors are
implemented. Specifically, dynamic scenarios are simulated for electric lighting, integrating lighting
sensors to optimize energy use. However, a challenge arises when addressing the operation of
louvers, which are approached statically (e.g., 100%, 70%, 60%, 50% openness). This static approach
diverges from realistic operational conditions where louvers may adjust continuously throughout
the day, even if manually controlled. In this way, the analysis departs from a realistic way of working,
in which louvers opening is variable during a day, even if they are manually operated. This departure
from realistic operational dynamics highlights the need for more nuanced simulation methodologies
that accurately capture the variability and impact of user-controlled elements on energy performance
in building environments.

The focus of the research presented in this article pertains to the challenge of minimizing energy
consumption attributed to windows in buildings, while acknowledging their vital roles for
occupants. Windows serve critical functions such as ventilation, illumination, and emergency issues,
with natural lighting being particularly significant among these roles. Balancing the energy efficiency
imperatives with the essential functionalities of windows constitutes a central concern in sustainable
building design and operation. The study aims to explore methodologies and strategies that optimize
the energy performance of windows without compromising their fundamental contributions to
indoor environmental quality and occupant well-being. This research underscores the nuanced
approach required to achieve both energy savings and enhanced liveability in architectural practice
and building management.

A first solution, to reduce heat transfer, should be to make the glazed surface and window
frames from materials with superior insulation performance. But as effective as these materials are,
there are still no products whose insulation efficiency can match the degree of insulation of opaque
walls. A second solution is to reduce the glazed area, but it is the windows that provide natural
lighting with all the benefits it brings. The larger the glazed surface, the greater the lighting will be.
An alternative approach involves addressing extreme outdoor temperatures by implementing
measures to cover glazed surfaces. This can be achieved through the deployment of external blinds
or shutters, which effectively lessen heat transfer caused by windows during exceptionally hot
summer days or very cold winter periods. Therefore, in the design of a new building, the requirement
to reduce additional energy consumption can be satisfied by determining an optimal glazing area,
corresponding to the sum of the minimum energy consumptions for artificial lighting and for the
heating or cooling processes.

The methodology employed to assess the optimal glazed surface area was implemented within
the framework of the specific case study detailed in the paper. The research utilized two accredited
software applications: one designed to quantify the energy required to offset heat transfer losses or
gains through windows, and another aimed at evaluating energy consumption necessary to achieve
adequate illumination levels for various activities within an existing building. A key variable
introduced in the analysis was the height of the windows under investigation. This parameter was
systematically varied to investigate its impact on both thermal performance and lighting
requirements, thereby informing decisions related to window design and energy-efficient building
management strategies. The integration of these software tools enabled a comprehensive examination
of how window dimensions influence building energy dynamics and indoor environmental quality
considerations across different operational scenarios.

2. Materials and Methods

2.1. Description of the Case Study

The building, analysed in the case study, is located in lasi, Romania, and was built in 2008. As
can be seen in Figure 1, in the living room there is a group of two large windows, with dimensions
(width x height) of 280 x 230 cm (F1) and 225 x 230 cm (F2), which are north-west and south-west-
facing respectively. The existing group of windows has a parapet height of 40 cm, and the following
characteristics: g = 0.30 and Ug = 1W/m?K.
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The case study explores the cumulative energy consumption caused by windows, for heat
losses/gains, as well as from the artificial lighting required to supplement natural lighting. The
analyses carried out for living room considered the characteristics of the windows’ materials used at
the time of construction, followed by proposed changes for the glazed surfaces of the two large
windows. Reducing the size of the windows by increasing the height of the parapet, (Hp), by 40 cm
is the main variable in the research carried out in the study. That is why the stages in the analyses
carried out were for window heights, (Hf), of: 230 cm, 190 cm, 150 cm, 110 cm, 70 cm and 30 cm. These
changes are proposed because Romania faces a cold temperate climate with low winter temperatures,
emphasizing the significance of the energy balance for heating in this climate zone. This climatic
context accentuates the critical importance of achieving a balanced energy strategy, particularly
concerning heating requirements within the region. Also, for the energy consumption due to artificial
lighting, the analyses were also done on various lighting levels imposed by the requirements for
carrying out various types of activities.

Figure 1. Case study — residential building and the two large windows.

2.2. Energy Consumption Due to Imposed Illumination

The purpose of this task is to analyse the energy consumed for the simulated light levels of a
building. The area on the ground floor, with a system of two large windows in the northwest and
south-west fagade, was investigated and a model was implemented in Dialux EVO 12, [35]. The
model was calibrated using in situ measurements where natural light illumination was monitored by
illuminance meters. After validating the model, the energy consumed was simulated with different
variables: the height of the windows and the illumination levels imposed by different types of
activities deployed inside. This approach enabled a comprehensive analysis of how window design
and lighting requirements impact overall energy use within the studied building context.

Figure 2 shows the graphical representations for the quantitative analysis including the cardinal
orientation for each case of parapet height Hp and windows height Hf.
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Figure 2. Graphical representations for the quantitative analysis including the compass orientation of
windows: (a) Hp=40 cm, Hf=230 cm; (b) Hp=80 cm, Hf=190 cm; (¢) Hp=120 cm, Hf=150 cm; (d) Hp=160
cm, Hf=110 cm; (e) Hp=200 cm, Hf=70 cm; (f) Hp=240 cm, Hf=30 cm.

Figure 3 shows the graphs obtained in Dialux EVO 12, where the one-hour step is provided for
calculating the energy consumption, but in which the option of operating the constant lighting level
is provided, by using an automatic dimming control system with a lighting sensor placed in the centre
of the room. The graphs are obtained according to the variable height of the windows' parapet. In the
graphs, in the superior region, the luminous exposure (Ix-h/day) is available (orange) and energy
demand [kWh/day] for a year period (blue), and in the downward region the daylight illumination
[Ix] (orange) and electrical illumination [Ix] (blue) for a 24-hour period, on the 1st of July 2022. The
dimming is visible and the daylight available during the year is also visible.
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Figure 3. Graphical representations for the quantitative analysis including the cardinal orientation of
windows: (a) Hp=40 cm, Hf=230 cm; (b) Hp=80 cm, Hf=190 cm; (c) Hp=120 cm, Hf=150 cm; (d) Hp=160
cm, Hf=110 cm; (e) Hp=200 cm, Hf=70 cm; (f) Hp=240 cm, Hf=30 cm.
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2.3. Energy Consumption Due to The Losses/Gains in the Heat Transfer Through the Windows

To analyze the energy losses through the glazed surface of the residential building described in
the previous paragraph, a model was created in DesignPH 2.0, [37], and export the model input in
PHPP (Passive House Planning Package), [38]. Both programs are developed by the Passive House
Institute from Darmstadt, Germany.

The study commences with the creation of a detailed 3D model of the proposed building using
SketchUp. This model is subsequently imported into DesignPH 2.0, where a comprehensive array of
parameters—including insulation levels, window specifications, and shading configurations—is
meticulously defined. DesignPH 2.0 facilitates the calculation of the building's annual heating and
cooling demands, enabling iterative adjustments aimed at optimizing energy efficiency. The software
also supports visualization and analysis of the building's energy performance, providing essential
insights for identifying potential inefficiencies and making necessary refinements to meet rigorous
energy efficiency standards. Finally, the refined model is exported to PHPP (Passive House Planning
Package) to obtain conclusive results and validate the design's compliance with energy performance
targets. This integrated approach ensures a thorough evaluation and refinement process throughout
the building design phase, ensuring that energy considerations are effectively integrated from
conceptualization to final assessment.

The methodology comprises the following steps:

e Stepl

In this initial step, the energy performance of the existing residential building is thoroughly
evaluated. This baseline analysis provides a reference point for evaluating the effectiveness of
proposed modifications. In PHPP, we analysed the energy balance of the entire residence, revealing
a heating energy demand of 138.7 kWh/m? per year and the thermal load is 54W/m?. As part of the
analysis, a net energy balance was also conducted, considering solar gains and losses over the heating
period. Negative values indicate heating season losses, measured in kWh per year. The current
windows, F1 & F2, with a Hp=40 cm, are analysed for their impact on heat loss, solar gain, and overall
energy efficiency. The losses for F1 are 710 kWh per year and for F2 are 526 kWh per year. Because
of the negative balance for those two windows, further steps are required to improve the heating
balance.

e Step2

In the second step, the Hp is increased to 80 cm, resulting in a reduced Hf of 190 cm. This
modification aims to reduce heat loss through the glazed surfaces while maintaining sufficient
natural light. The energy performance is re-evaluated to determine the impact of these changes on
the overall efficiency of the building. The energy losses for F1 are 611 kWh per year and for F2 are
455 kWh per year. The heating energy demand is 138 kWh/m? per year and the thermal load is
53.7W/m?2.

e Step3

The third step involves increasing the Hp to 120 cm, further reducing the Hf to 150 cm. This
significant reduction in window size is expected to enhance the thermal performance of the building
envelope. The energy losses through F1 amount to 512 kWh annually, and through F2, 383 kWh
annually. The heating energy requirement totals 137.38 kWh/m? per year, with a thermal load of 53.3
W/m?2.

e Step4

In the fourth step, the Hp is raised to 160 cm, resulting in a Hf of 110 cm. The energy losses for
F1 are 412 kWh per year and for F2 are 311 kWh per year. The annual heating energy demand totals
136.6 kWh/m?, with a thermal load of 53 W/m?2.

e Stepb

The fifth step involves increasing the Hp to 200 cm, which reduces the Hf to 70 cm. This

substantial change aims to minimize heat loss significantly while maintaining minimal necessary
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natural light. The energy losses for F1 are 314 kWh per year and for F2 are 240 kWh per year. The
annual heating energy demand totals 135.9 kWh/m?, with a thermal load of 52.7 W/m?.
e Stepb

In the final step, the Hp is increased to 240 cm, reducing the Hf to 30 cm. This drastic reduction
aims to optimize the building's thermal performance to the highest possible level. The energy losses
for F1 are 214 kWh per year and for F2 are 169 kWh per year. The annual heating energy demand
totals 135.2 kWh/m?, with a thermal load of 52.3 W/m?2.

Figure 4 shows the energy balance heating (monthly method) by each component.
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Figure 4. Graphical representations energy balance heating: (a) Hp=40 cm, Hf=230 cm; (b) Hp=80 cm,
Hf=190 c¢m; (c) Hp=120 cm, Hf=150 cm; (d) Hp=160 cm, Hf=110 cm; (e) Hp=200 cm, Hf=70 cm; (f)
Hp=240 cm, Hf=30 cm.
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3. Results

3.1. Results for Energy Consumption Due to Imposed Illumination

The energy consumption results from supplementary artificial lighting required to maintain
adequate light intensity for indoor activities are presented in Tables 1 & 2. Table 1 shows the results
for daylight illumination values obtained with evaluation performed using Dialux EVO 12 software,
where the variable was the windows height (Hf).

Table 1. Daylighting illumination values evaluation using Dialux EVO 12.

Ste Windows height Emed Emin Emax

Nol.’ HE. [em] & i i i Enmin/Emed Enmin/Emax
1 230 10654 1413 37006 0.13 0.038
2 190 9993 1300 34849 0.13 0.037
3 150 7436 1120 33564 0.15 0.033
4 110 4751 941 32164 0.20 0.029
5 70 2194 707 31130 0.32 0.023
6 30 649 476 720 0.73 0.66

The results of the daylight illumination evaluation using Dialux EVO 12 software, presented in
Table 1, illustrate the impact of varying window heights (Hf) on the distribution of natural light
within a space. As the window height decreases from 230 cm to 30 cm, there is a notable reduction in
the average illumination (Emed), ranging from 10,654 Ix at the highest window position to 649 Ix at the
lowest. Similarly, the minimum illumination (Emin) values decrease from 1,413 Ix to 476 1x, while the
maximum illumination (Emax) values decrease significantly from 37,006 Ix to 720 Ix.

The energy consumptions with artificial lighting necessary for each step, in two situations - with
and without automated control - are presented in Table 2.

Table 2. Energy consumptions values for artificial lighting.

Energy consumption

Window Enerfgy consumption with automated Savings
Step height without control control
No. [kWh/year] / [kWh/yearl/
HY, [em] [KWh/(m?year] lkwh/yearl/ [KWh/(m?2year]
[kWh/(m?2year]
1 230 Energy 2453 1494 959
LENI* 89,8 54,7 35,1
5 190 Energy 2453 1508 944
LENI* 89,8 55,2 34,6
3 150 Energy 2453 1552 900
LENI* 89,8 56,8 33,0
4 110 Energy 2453 1676 777
LENI* 89,8 61,4 28,4
5 70 Energy 2453 1949 504
LENI* 89,8 71,4 18,4
6 30 Energy 2453 2403 49,7
LENI* 89,8 88 1,82

* LENI (Lighting Energy Numerical Indicator) method provides an alternative way of calculating the lighting
energy performance of a building.

Data from Table 2 are evaluated considering that the average illumination limit required for
activities is 500 Ix. It is observed that for windows with a height of 230 cm, the energy consumption
without control was 2,453 kWh/year (89.8 kWh/m?year), while with automated control, it reduced to

d0i:10.20944/preprints202406.1768.v1
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1,494 kWh/year (54.7 kWh/m?year), resulting in savings of 959 kWh/year (35.1 kWh/m?year).
Similarly, for a window height of 190 cm, the energy consumption without control remained constant
at 2,453 kWh/year (89.8 kWh/m?year), but with automated control, it was slightly higher at 1,508
kWh/year (55.2 kWh/m?year), yielding savings of 944 kWh/year (34.6 kWh/m?year).

As the window height decreased further to 150 cm, the energy consumption without control was
still 2,453 kWh/year (89.8 kWh/m?year), and with automated control, it increased to 1,552 kWh/year
(56.8 kWh/m?year), resulting in savings of 900 kWh/year (33.0 kWh/m?year). At a window height of
110 cm, the consumption without control remained at 2,453 kWh/year (89.8 kWh/m?year), while
automated control consumption rose to 1,676 kWh/year (61.4 kWh/m?year), resulting in savings of
777 kWh/year (28.4 kWh/m?year).

For a window height of 70 cm, the energy consumption without control was 2,453 kWh/year
(89.8 kWh/m?year), but with automated control, it increased significantly to 1,949 kWh/year (71.4
kWh/m?year), leading to savings of 504 kWh/year (18.4 kWh/m?year). At the lowest window height
of 30 cm, the consumption without control remained constant at 2,453 kWh/year (89.8 kWh/m?year),
whereas with automated control, it dramatically increased to 2,403 kWh/year (88 kWh/m?2year),
resulting in minimal savings of 49.7 kWh/year (1.82 kWh/m?year).

3.2. Results for Energy Consumption due to the Losses/Gains in the Heat Transfer Through the Windows
The energy consumption results from losses in the heat transfer through the windows, evaluated

with PHPP software are presented in Table 3.

Table 3. Energy consumption values for losses in the heat transfer through the windows using
PHPP.

Window . Annual heating
Ste height Energy Losses Energy Losses Annual heating enerev demand Thermal
P 5 for Window F1for Window F2 energy demand 8y

1 2
No. [g:‘] [KkWh/year] [kWh/year]  [kWh/m?] [15\7\711711%2] load [W/m’]
1 230 710 526 138.7 - 54
2 190 611 455 138 0.70 53.7
3 150 512 383 137.38 1.32 53.3
4 110 412 311 136.6 2.10 53
5 70 314 240 135.9 2.80 52.7
6 30 214 169 135.2 3.50 52.3

For a window height of 230 cm, energy losses for Window F1 and Window F2 were 710
kWh/year and 526 kWh/year, respectively. The annual heating energy demand was 138.7 kWh/m?,
with no recorded savings, and the thermal load was 54 W/m?2. When the window height decreased to
190 cm, energy losses for Window F1 and Window F2 were reduced to 611 kWh/year and 455
kWh/year, respectively. The annual heating energy demand slightly decreased to 138 kWh/m?, with
savings of 0.70 kWh/m?, and the thermal load marginally decreased to 53.7 W/m?2.

At a window height of 150 cm, the energy losses for Window F1 were 512 kWh/year, and for
Window F2, 383 kWh/year. The annual heating energy demand further decreased to 137.38 kWh/m?,
yielding savings of 1.32 kWh/m?, with the thermal load at 53.3 W/m?2. When the window height was
reduced to 110 cm, energy losses for Window F1 were 412 kWh/year and 311 kWh/year for Window
F2. The annual heating energy demand dropped to 136.6 kWh/m?, with savings of 2.10 kWh/m?, and
the thermal load stood at 53 W/ma2.

With a window height of 70 cm, energy losses continued to decline, with Window F1 at 314
kWh/year and Window F2 at 240 kWh/year. The annual heating energy demand decreased to 135.9
kWh/m?, resulting in savings of 2.80 kWh/m?, and the thermal load was 52.7 W/m2. At the lowest
window height of 30 cm, energy losses for Window F1 were 214 kWh/year and 169 kWh/year for
Window F2. The annual heating energy demand reached its lowest at 135.2 kWh/m?, with savings of
3.50 kWh/m?, and the thermal load decreased to 52.3 W/m?2.
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3.3. Cumulative Results for Energy Consumptions

The energy consumptions corresponding to the thermal loads of the windows and those of the
electricity consumption for lighting are centralized in Table 4, where the data were estimated for an
average illumination level of 500 1x.

Table 4. Centralized energy consumption for an average illumination level of 500 Ix.

Energy Total Energy

Energy Losses Energy Losses

Step Wm'dows for Window Energy Losses for Windows c'onsumptlon c.onsumptlon
height for Window F2 with automatedwith automated
No. F1 F1+F2
Hf, [cm] [KWh/year] [kWh/year] [KWh/year] control control
y y [KWh/year]  [kWh/yearl

1 230 710 526 1236 1494 2730

2 190 611 455 1066 1508 2574

3 150 512 383 895 1552 2447

4 110 412 311 723 1676 2399

5 70 314 240 554 1949 2503

6 30 214 169 383 2403 2786

The results from Table 4 show that for a window height of 230 cm, the energy losses for Window
F1 and Window F2 were 710 kWh/year and 526 kWh/year, respectively, totalling 1236 kWh/year.
With automated control, the energy consumption for lighting was 1494 kWh/year, leading to a total
energy consumption of 2730 kWh/year. At a window height of 190 cm, the combined energy losses
for Windows F1 and F2 decreased to 1066 kWh/year, and the energy consumption for lighting with
automated control was 1508 kWh/year, resulting in a total of 2574 kWh/year.

When the window height was 150 cm, the energy losses for Window F1 and F2 were further
reduced to 895 kWh/year, while the lighting energy consumption was 1552 kWh/year, culminating
in a total energy consumption of 2447 kWh/year. At 110 cm window height, the combined energy
losses for Windows F1 and F2 dropped to 723 kWh/year, with lighting consumption at 1676
kWh/year, resulting in a total of 2399 kWh/year.

For a window height of 70 cm, the energy losses for Windows F1 and F2 were 554 kWh/year,
with automated control lighting consumption reaching 1949 kWh/year, summing up to a total energy
consumption of 2503 kWh/year. At the lowest window height of 30 cm, the energy losses were 383
kWh/year for both windows combined, while the lighting energy consumption surged to 2403
kWh/year, resulting in the highest total energy consumption of 2786 kWh/year.

Figure 5 is a graphical representation of the data in Table 4. Figure 6 shows the results in the
situation required by an average illumination level of 250 Ix. Figure 7 and Figure 8 suggest the
evolution of energy consumption for an average illumination level of 100 Ix and 1000 1x, respectively.

Total energy consumption
[kWh/year]
Illumination level of 500 Ix

3000
2800 ° o
2600
o °
2400 ° ®
2200
0.00 50.00 30 70 110 150 190 230

Windows height, Hf, [cm]

Figure 5. Total energy consumption for average illuminance of 500 1x.
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The graph in Figure 5 highlights the fact that, for an imposed illuminance level of 500 Ix, the total
energy consumption is minimal when the height of the windows, (Hf), from the analysed case study,
is 110 cm. For values lower or higher than this optimal value, consumption increases due to the
energy used for artificial lighting or heat losses.

Total energy consumption
[kWh/year]
INlumination level of 250 Ix

2200

2000 ®
1800 ®

1600 °
1400

1200
0.00 50.00 30 70 110 150 190 230

Windows height, Hf, [cm]

Figure 6. Total energy consumption for average illuminance of 250 1x.

Figure 6 emphasize the fact that, for an imposed illuminance level of 250 lx, the total energy
consumption is minimal when the height of the windows, (Hf), from the analysed case study, is 70
cm. For values higher than this optimal value, consumption increases due to the energy used for
artificial lighting or heat losses.

Total energy consumption
[kWh/year]
Illumination level of 100 Ix

1600
1400 ®
1200 °
1000 o e

800 e

600

400

0.00 50.00

Windows height, Hf, [cm]

30 70 110 150 190 230

Figure 7. Total energy consumption for average illuminance of 100 Ix.

For an imposed illuminance level of 100 lx, the graph from Figure 7 reveals that total energy
consumption is minimal when the height of the windows, (Hf), from the analysed case study, is 30
cm. This value shows that the illuminance level for inside activities do not require artificial lighting.
For values higher than this optimal value, consumption increases due to the energy used for heat
losses.
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Total energy consumption
[kWh/year]
Illumination level of 1000 Ix

5500
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Windows height, Hf, [cm]

Figure 8. Total energy consumption or average illuminance of 1000 Ix.

The data presented in Figure 8, for an imposed illumination level of 1000 Ix, highlights the fact
that the total energy consumption is minimal when the height of the windows, (Hf), from the
analysed case study, is 150 cm. This value shows that in the case of a high lighting levels for indoor
activities, additional energy consumption is required for a consistent artificial lighting. Therefore, for
values lower than this optimal height, Hf = 150 cm, the artificial lighting is the cause of an excessive
total energy consumption. For larger window heights (190 cm and 230 cm) the total consumption
increases due to the energy used to compensate the heating losses.

4. Discussion

The analysis of optimal window sizes considering the total energy consumption for lighting and
heating losses provides some results that need to be discussed. In Figure 5 is available the energy
consumption for an illumination level of 500 Ix and the duration of continuous operation (obviously
not the case of a house). It results in an optimal size, namely Hf = 110 cm. If the average illuminance
level decreases or the duration of use of electric lighting decreases, the optimum moves to the left,
which means it is advantageous to reduce the size of the window to not have thermal losses/intakes.
Figure 7 is a trivial result, where the optimum would be a window of minimum size (Hf = 30 cm),
that is, almost cancelling the window. Obviously, this performance criterion cannot be always
accepted, for the reasons already mentioned: psychological, aesthetic, health.

For proofing, the situation of high visual loads was computed, namely the average illuminance
of 1000 Ix. As expected, the optimal size of the window increased, reaching the size of 150 cm.

The analysed criterion, namely the total energy consumption related to the window, can be used,
but the final decision for determining the size of the window must be taken on other considerations.
In the context of the analyzed case study, the presence of the panoramic view of the city of Iasi, which
served as the primary attraction for the site selection and the strategic placement of the large
windows, has been validated as an appropriate decision. This design choice underscores the
prioritization of aesthetic and experiential considerations in the architectural planning process.
Consequently, while energy efficiency remains a significant criterion, it should not be rigidly
enforced to the detriment of other design imperatives. The interplay between visual appeal and
energy conservation must be carefully balanced, ensuring that the latter, although crucial, does not
improperly compromise the former. This nuanced approach highlights the importance of a holistic
perspective in architectural design, where multiple factors are weighed and integrated to achieve an
optimal outcome.

Architects should design spaces that are practical, comfortable, and efficient. This involves
careful planning of the layout, considering aspects such as natural light, ventilation, and the
relationship between different spaces [39,40]. The visual aspect of a building can significantly impact
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the well-being of its occupants and the surrounding community. Even in residential architecture, the
design should reflect the personality and preferences of the clients while contributing positively to
the neighbourhood’s visual landscape. Designing a building with small or no north-facing windows
should take in consideration also the functions of the interior spaces, the exterior aesthetic and the
energy efficiency. Architects should also reconsider redesigning the interior spaces to have enough
natural light for the living spaces without compromising the energy efficiency.

The positioning of windows relative to the compass directions significantly influences their
energy efficiency performance [41,42]. The orientation of windows dictates the extent of solar gain,
daylight penetration, and thermal performance over the course of the year. A comprehensive
understanding of how each cardinal direction affects these factors is essential for designing buildings
that optimize natural light and thermal comfort while minimizing energy consumption. In temperate
climates, north-facing windows receive minimal direct sunlight throughout the year and are prone
to increased heat loss during winter. Consequently, passive strategies aimed at optimizing heating
energy consumption typically involve incorporating large south-facing windows to maximize solar
gain and either minimizing or eliminating north-facing windows to reduce heat loss. This approach
ensures an effective balance between natural illumination and thermal efficiency, contributing to the
overall sustainability of the building design.

5. Conclusions

The research carried out and presented in this paper highlighted the following aspects:

e The ratio of minimum to average illumination (Emin/Emed) and minimum to maximum
illumination (Emin/Emax), (Table 1) indicate a progressive improvement in uniformity as the
window height decreases. Specifically, the Emin/Emed ratio increases from 0.13 to 0.73, and the
Emin/Emax ratio increases from 0.038 to 0.66, suggesting that lower window heights contribute to
more evenly distributed daylight within the evaluated space.

e  The results indicate that automated control systems substantially reduce energy consumption
for artificial lighting, particularly at higher window heights, although the extent of savings
diminishes as window height decreases, (Table 2). The energy savings underscore the
effectiveness of automated lighting control in enhancing energy efficiency within buildings.

e  The lower window heights significantly reduce energy losses through windows and improve
the annual heating energy demand and thermal load, (Table 3). The gradual savings in annual
heating energy demand as window height decreases highlights the importance of window sizing
in energy-efficient building design.

e Data presented underscore the relationship between window height, thermal energy losses, and
artificial lighting energy consumption. While lower window heights reduce thermal energy
losses, the corresponding increase in lighting energy consumption due to reduced natural light
necessitates a careful balance to optimize total energy consumption.

A prevailing perspective holds that reducing the size of windows can lead to energy savings by
reducing the demand for heating and cooling. This view suggests that smaller windows result in less
heat gain or loss, thereby lowering the energy required to maintain indoor comfort levels. Many
voices now claim that reducing window sizes leads to energy savings because smaller sizes reduce
energy consumption through heating/cooling. However, the studies carried out in the presented
research show that, in certain situations, when the imposed lighting levels are high (over 500 Ix), there
is, without a doubt, a corresponding and consistent increase in energy consumption for artificial
lighting. This phenomenon highlights a complex interaction between architectural choices, lighting
requirements, and overall energy efficiency strategies. The implications of these findings challenge
the simplistic notion that smaller windows uniformly contribute to energy savings. Instead, they
underscore the importance of considering multiple factors in building design and operation. Factors
such as daylighting strategies, lighting technologies, and occupant behaviors all play critical roles in
shaping energy consumption patterns. By recognizing these complexities, architects, engineers, and
policymakers can make more informed decisions that optimize both energy efficiency and indoor
environmental quality in buildings.
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When determining the size of building windows, it is essential to conduct a meticulous and
balanced analysis that considers all the functions served by glazed spaces. This approach is crucial
for achieving genuine optimization of total energy consumption. It entails evaluating not only the
thermal performance implications of window size but also the broader functional aspects such as
daylighting provision, indoor environmental quality, and the potential impacts on artificial lighting
requirements. A careful and balancing analysis of all the functions performed by the glazed spaces
must be applied for a real optimization of the total energy consumption.

By adopting this holistic perspective, architects and designers can effectively integrate energy-
efficient strategies into building designs. This includes leveraging natural daylight to reduce reliance
on artificial lighting during daylight hours, which can significantly contribute to energy savings.
Furthermore, optimizing window sizes based on specific environmental conditions and building
orientations can further enhance energy performance by minimizing heat gain or loss as needed.

In essence, a comprehensive evaluation of the multifaceted roles of windows in buildings
facilitates informed decision-making that aligns energy efficiency goals with occupant comfort and
operational functionality. This approach not only supports sustainable building practices but also
enhances overall building performance over the long term.
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