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Abstract: The importance of research on sustainable and energy-efficient building design is increasing, considering that
humanity may face a shortage of natural resources as a result of irrational energy use. This article focuses on optimising
the window characteristics of the buildings to be constructed in Nur-Sultan, Kazakhstan, in order to improve their
energy efficiency and daylight performance. Specifically, simulations were performed with the DesignBuilder software
to study the effects of the window-to-wall ratio (WWR), glazing type, shading, and building orientation on the energy
performance of the building and the comfort level of the occupants. As a result, triple-pane windows with 10 to 15%
WWR oriented mainly to the south were found to have better performance compared to other configurations. However,
a life-cycle analysis can be performed to verify its benefits in terms of cost and environmental burden. On the other
hand, limitations of the glazed area on each facade may affect the comfort level of the occupants in terms of temperature
increases, lack of daylight, and poor ventilation. Thus, a discussion of the simulation results is provided, along with
issues that might arise. Suggestions for future studies were also included.
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1. Introduction

Energy is always considered one of the critical factors, a vehicle for the flourishing of civilisation. The shortage
and waste of this valuable resource will lead to an inevitable crisis of humanity in terms of economic, social,
and environmental aspects [1]. However, the current unsustainable use of natural resources and massive energy
consumption, especially in developed countries, may bring that day closer than expected. Thus, studies geared toward
energy efficiency have become one of the most critical directions within the research community.

The development of energy efficiency performance in the design of buildings is considered a promising approach to
resolve this problem, as the building sector is responsible for almost 40% of the total energy produced, increasing by 1.8%
each year, thus being one of the largest consumers in the energy market [2]. It is essential to focus on long-term analysis
of the energy efficiency performance of buildings, as the construction phase is responsible for only 10 to 20% of the
total energy in the building life cycle. The rest of the energy is consumed for subsequent operation and maintenance of
buildings [3].

Due to its cold climate, a significant amount of energy is consumed for space heating in Kazakhstan. For example,
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in 2002, the demand for building heating energy accounted for 160 million Geal, approximately 60% of the total energy
consumption, including heating and electricity. Urban areas consume more than 60% of the total heating energy, 80%
of which is due to residential buildings. After energy and manufacturing, housing is the third-largest energy consumer
and a significant source of greenhouse gas emissions. In general, energy production in Kazakhstan produces 80% of all
greenhouse gas emissions, and 90% of it is the repercussion of heat and electricity production. Additionally, residential
buildings make up 13.5% of the national electricity demand and 24% of the national heating demand [4].

Kazakhstan’s energy audit in 2010 revealed that the heating energy consumption of residential buildings is
considerably higher than that of western countries. The average specific consumption of heat energy was 273 kWh/m?.
In comparison, the average European value was around 100 to 120 kWh/m?, and for further comparison, particularly
in Finland, it was 140 kWh/m? [5]. There are more than 5000 cooling and heating degree days in Kazakhstan per
year, including approximately 4500 heating degree days. It is the fourth-highest value among the European Bank for
Reconstruction and Development (EBRD) countries after Mongolia, the Russian Federation, and Finland. Therefore, the
housing sector significantly impacts energy consumption, mainly heating energy demand [4].

The energy efficiency of residential buildings is an issue of great importance. It can be stated that passive house
design has become one of the most significant achievements in this direction. The first passive house with enormous
efficiency was built in Darmstadt, Germany, by Wolfgang Feist and Bo Adamson in 1990. Subsequently, they
established the Passive House Institute in 1996 [6]. The technology of the passive house is focused on maximising the
efficient use of internal heat resources, namely the heat generated by the residents of the house, household appliances,
solar radiation, exhaust air, and others, which allows maximum conservation and accumulation of heat [7]. Such
advanced technologies have also been implemented later in Kazakhstan. However, only 39 buildings were sustainable
enough in energy efficiency to be certified by Leadership in Energy and Environmental Design (LEED) and Building
Research Establishment Environmental Assessment Method (BREEAM) standards [8]. This trend was also highlighted
by Akhanova et al. [9], which could be attributed to the extreme climatic conditions in Kazakhstan.

Regardless of the standard or design method used in constructing the building, the crucial factors to consider are
the environmental and weather conditions where the building will be located. Therefore, the macro and micro needs of
passive design must be considered [6].

Case studies demonstrate that energy-efficient building designs can show different behaviours in different climatic
conditions. For example, the energy savings potential of a particular design is equal to 12.61% in Brisbane, Australia,
with warm, humid summers and mild winters, and may increase to 39.46% in Alice Springs, Australia, with hot, dry
summers and warm winters [10]. On the other hand, increasing energy efficiency, such as increasing the window-to-
wall ratio (WWR) beyond 34%, will have no effect on tropical climates [11]. Furthermore, research shows that higher
altitudes with higher solar irradiance and wind conditions may positively impact the energy performance of the building
in terms of cooling. For instance, 2.7% savings were achieved in Phoenix, USA, at an elevation of 339 m above sea
level, compared to 56.7% savings in Calama, Chile, at an elevation of 2312 m [12].

The technology of a passive house provides effective thermal insulation of all enclosed surfaces: walls, windows,
roofs, and floors. Several layers of thermal insulation are formed in a passive place, usually grouped into internal and
external, which simultaneously keeps the heat inside the house and prevents the penetration of cold air from outside [6].
Thus, the most effective way to increase the energy efficiency of buildings is by properly insulating the walls. For that
purpose, passive house design requires the heat transfer resistance or R-value of the envelope to be higher; for example,
such an insulator as extruded polystyrene has a higher R-value and contributes to up to 31.4% energy savings [13].

Based on an energy audit performed in Kazakhstan from 2011 to 2015, several options to improve the energy
efficiency of buildings were examined. It is noted that the energy performance of residential buildings can be
substantially improved, primarily due to current inefficient technologies and building envelopes. The audit results
revealed that the insulation quality was worse compared to the European countries. For instance, in regions with 6000
heating degree days, the average U-value in Europe is around 0.2 W/m’K, while in Kazakhstan, it is approximately
1.05 W/m’K. Among some measures proposed to improve energy performance, the replacement of existing windows
was considered ineffective. However, the retrofitting of windows of communal entrances is indicated as one of the
reasonable solutions, with a relatively low payback period and investment cost [14].

Around 70% of buildings are estimated to have thermal characteristics that do not meet current requirements in
Kazakhstan. As a consequence, up to 30% of the delivered heating energy dissipates through the building envelope.
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In 2012, Nur-Sultan spent 2,413,000 GCal on space heating, accounting for 9.86% of total heating energy consumed
in Kazakhstan [5]. The population of Nur-Sultan in 2012 was 778,145 [15]. It will substantially increase to 1,207,300
by July 1st, 2021 [16]. Hence, minimising heat loss and enhancing the energy performance of buildings in Nur-Sultan
is highly important within the scope of this paper. Although the building envelope is believed to be the most affecting
factor, it is also essential to evaluate the influence of window characteristics and WWR; moreover, its vital role tends to
be unreasonably underestimated in some cases.

The present study investigates the influence of ten different windows representing single, double, and triple glazing,
their orientation, and the variation of WWR within the range of 0 to 60% on the energy performance of the reference
building located in Nur-Sultan, Kazakhstan. The effects of the WWR were also discussed concerning the thermal and
visual comfort of the occupants. Research is based on numerical simulations using the EnergyPlus tool integrated with
DesignBuilder software. The local Nur-Sultan climate (extreme continental climate with hot summers and severely cold
winters) was used.

This paper comprises five sections. The first is an introduction to the importance of energy performance issues
within the Kazakhstan building sector. Then, an existing literature review related to the subject matter is presented. The
third part represents the methodology used, and the fourth elaborates on the obtained results. Finally, a summary of the
paper and suggestions for further research are provided.

2. Literature review

Many studies have been conducted to provide optimal window properties to enhance building energy performance.
However, the research results vary between scholars, and no single and explicit solution is provided. Windows are an
essential part of the envelope in passive house design due to their lower R-value than external walls. Window glasses
allow radiation to pass in the infrared range, responsible for two-thirds of heat losses [17]. Thus, sufficient layers of
proper glazing are required to minimise heat losses.

Two-thirds of heat loss through windows is radiation (in the infrared range from the house to the outside). The
southern direction of the passive house’s main fagade, within a 30% deviation in the western or eastern direction,
provides the most optimal active and passive use of solar energy. During installation, special attention must be paid
to the proper installation of window structures: to ensure careful sealing of the heat-insulating layer while controlling
the tight connection at the joints. Otherwise, it may damage the integrity of the building envelope. This approach to
optimising window characteristics considering external conditions contributes to up to 24% of total energy savings [18].

Alibaba [19] showed that the WWR might positively influence the energy savings potential by up to 60%. On the
other hand, other research showed that the most optimal WWR is in the range of 10 to 22.5% for cold-weather zones [20].

Yang et al. [21] evaluated the effect of WWR on the energy performance of buildings in China’s hot summer and
cold winter regions. They considered different modes of operation of air-conditioning (A/C) systems. Although the
selected regions have cold winters, they were cooling-dominated. The simulation results showed that increasing the
WWR increases annual energy consumption, and the patterns are similar for varying A/C modes. Compared to the
north and south facades, the expansion of the east and west windows significantly affected the energy demand of the
building. In addition, in contrast to hollow glass, the low emissivity (Low-E) window demonstrated better performance
by considerably flattening the energy consumption plots.

Liu et al. [22] investigated the optimal WWR of residential buildings in the same climates of China. According
to the results of the questionnaire investigation, existing dwellings with a higher WWR have a higher energy demand
and correlate with the simulation results of Yang et al. [21]. However, contrary to the findings of Yang et al. [21], the
simulation results of Liu et al. [22] revealed that the heating demand is higher than the cooling demand in China’s hot
summer and cold winter climates. A WWR of 40 to 50% was proposed as the optimal solution for energy efficiency
for the three types of residential buildings, such as a detached house, multi-story building, and high-rise building. The
importance of decreasing the north-side WWR is also mentioned since, in regions with cold and long winters, a large
fenestration area contributes to significant heat losses during the heating period.

Strengthening the thermal insulation on the outside requires increasing the thermal insulation of the walls and
reducing the thermal bridges, which are unavoidable in any building. Different types of insulation are provided not only
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for walls but also for coatings, ceilings, foundations, and window systems. Thus, the area of thermal bridges increases
with the size of the windows, compromising the envelope’s airtightness. On the other hand, minimising air infiltration
through a properly airtight envelope allows for up to 25 to 50% of heat losses and increases energy efficiency [7].

Thm et al. [23] examined the effect of window type on the energy efficiency of domestic buildings in South Korean
climates. Six types of windows and two different window distributions on the building facade were compared and
investigated. In the first case, WWR was identical on each wall, and in the second case, the southern side had most
of the building’s glazed area. However, the window distribution had no significant effect on the energy performance.
Although the triple-glazed Low-E window demonstrated good performance, its use was unfavourable for life cycle
cost analysis. Subsequently, double-glazed clear Low-E windows filled with argon were recommended for residential
buildings in South Korea. The study found that for a low WWR building in South Korea's cold climate, among windows
with similar thermal conductivity (U-values) and different solar heat gain coefficient (SHGC) values, the one with
higher solar conductivity leads to savings on annual energy consumption. Therefore, it is emphasised that the country’s
building codes should consider adopting SHGC requirements.

It is also essential to choose the appropriate architectural form of the structure, which must undoubtedly fit the
climate and landscape of the construction area. Properly designed building geometry is one of the best approaches
to passive energy savings. Thus, a square shape is preferred for lower WWR. Additionally, during construction,
reconstruction, or expansion of the building, whenever possible, all kinds of niches, ledges, and ledges on the walls
should be avoided. It makes sense to build unheated annexes on the north side of the house. Due to the lower surface
area coefficient, ordinary houses and apartment buildings have advantages over detached single-family dwellings. This
passive design recommendation helps to reduce energy losses by 26% [24].

Susorova et al. [25] investigated the effect of WWR, orientation, and room-depth ratio on the energy efficiency
of office buildings in six different climates of the United States. The WWRs changed significantly for rooms with low
width-depth ratios in hot regions and higher width-depth ratios in cold regions. Consequently, heat loss through the
building envelope is a significant concern; low WWR is recommended for shallow spaces, and higher WWR for deep
spaces. It was suggested that in cold climates, building energy performance could benefit from reducing the WWR of
north facades and increasing it on the southern side since the more significant heat gain through south-oriented windows
may decrease the heating load. The south-oriented rooms showed the most incredible energy performance among all
the orientations and climate zones examined. However, this study concluded that optimising the geometry aspects of
building fenestration has a marginal influence on the energy efficiency of buildings located in cold climates.

Su and Zhang [26] conducted life cycle assessment-based research for an office building. They examined the
environmental performance of various window types with WWRs ranging from 10 to 70%. Fuel consumption, the effect
on global warming, and atmospheric emissions were considered to assess the environmental impact of the building
envelope. It was discovered that increasing WWR improves life cycle energy efficiency and reduces environmental
pollution. This research showed that single-glazed windows have a higher environmental impact compared to hollow
glass and Low-E hollow glass windows. It should be noted that varying the WWR of hollow glass and Low-E glass
windows marginally affects environmental performance, providing designers and architects more flexibility in building
aesthetics. Regarding the life cycle of the building, they determined that the environmental impact of the appropriate
window glazing type is more significant than the choice of an accurate WWR. Furthermore, within the same context,
the research concluded that utilising windows with lower thermal conductivity is more efficient than finding a precise
WWR.

Kaasalainen et al. [27] stated that many previous studies mainly focused on optimising WWR and glazing types.
Therefore, several characteristics of the window design, such as its shape (from narrow to wide), the horizontal
location on the facade of the building, the length of the external shading element, and the shape of the apartment,
were considered in their research in three different climate regions in Finland. However, while the same area was
kept, varying the horizontal location and shape of the window had no significant effect on the apartments’ energy
performance. The results also showed that larger window areas decrease lighting energy and increase heating and
cooling energy, whilst still increasing total energy consumption. The authors suggest that it is not always necessary to
reduce the WWR to achieve energy efficiency in cold climates, and that medium to large window areas with high solar
transmittance and external shading minimise energy consumption.

The importance of the required cooling energy for well-insulated buildings with large WWR in the cold northern
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climates, excluding north-oriented windows, was also mentioned. The same study revealed that external shading
improved energy performance in 62.4% of all simulated cases. The reduction in the need for cooling was more
significant than the increase in the energy need for heating and lighting. It is worth noting that low g-values (the effect
of glazing and is referred to as solar factor) may compensate for a lack of external shading, and vice versa. This research
was consistent with other studies showing that windows with lower thermal transmittance reduced energy consumption.
It has a significant impact in regions dominated by heating. The comparison of windows with equal U-values and
different g-values demonstrated that higher solar transmittance improves the energy efficiency of buildings in a cold
climate, which corresponds to the findings of Thm et al. [23].

It should be pointed out that Kaasalainen et al. [27] emphasised the importance of investigating several window
features in combination with each other. According to the research results, design options that benefit heating energy
consumption may also increase cooling energy needs, and vice versa. In addition, they claim that reducing heating loads
and increasing solar heat gains should acquire more attention, as in cold climates, most of the total energy consumption
is due to high heating needs.

In ordinary houses, windows serve as equipment for natural ventilation and sunlight penetration.Thus, the
limitation of WWR may negatively affect such properties of the building. However, Sadineni et al. [17] argued that
advanced soundproof sealed windows can provide proper ventilation, increasing energy savings by 30%. Tubular
skylights can accumulate and distribute sunlight, thus increasing daylight and saving 20% on general lighting [28].
In the study by Harmati and Magyar [29], the optimal WWR and window geometry were investigated in relation to
the quality of indoor daylight in an office building in Serbia. Three different window shapes were examined: square,
rectangular horizontal, and rectangular vertical. The results demonstrated that vertical windows resulted in a more
favourable daylight distribution.

The appropriate WWR for the east and west facades was 30%, 20% for the north side, and 25% for the south-
oriented offices. Other factors, aside from window size and shape, were not considered to improve daylight performance.
At the same time, only the type of glazing was analysed to address the energy efficiency of the building [29].

Ochoa et al. [30] also stated that research outputs aimed at improving one objective could impair another. As a
result, multiple simulations were performed in their study to find the optimal WWR to satisfy both energy efficiency and
visual comfort requirements for reference offices with a window located only on one side and a WWR ranging from 0
to 100%. The climate of the Netherlands was considered, and the term “critical region” was introduced as the threshold
WWR value where daylight’s effect on lighting energy saving ceases It had a value of 70% for the north orientation and
60% for the east, west, and south orientations. Hence, there is more flexibility provided for designers to address efficient
energy use and visual comfort. However, it is suggested to acknowledge the importance of using shading devices,
advanced glazing types, and blinds.

In general, it is essential to perform investigations based on local climate data and to consider multiple aspects of
window design and building features. According to Kaasalainen et al. [27] and evidence from studies by Liu et al. [22]
and Yang et al. [21], the energy performance of buildings located within the same climate zone can differ considerably.
Thus, this research aims to investigate the optimal glazing type, WWR, and orientation for the buildings and climate
of Nur-Sultan. It should be emphasised that there is a lack of studies that analyse the energy efficiency and daylight
performance of buildings in Kazakhstan. Hence, this paper may show the demand for future studies in this field.

3. Methodology

A numerical simulation was performed using DesignBuilder software integrated with the EnergyPlus tool to
achieve the research goal proposed in the previous section. EnergyPlus is a vital energy simulation tool that allows for
the analysis of the energy performance of the entire building. Integrated simulation of loads, systems, and plants is the
main advantage of this software [31]. As later stated by Crawley et al. [32], it is an indispensable feature for designing
systems and plants and assessing occupants’ thermal comfort. EnergyPlus allows users to configure heating, ventilation,
and air conditioning (HVAC) systems, define simulation time steps, and have easy-to-use input and output data formats,
promoting the visualisation of results [12]. DesignBuilder is used as a user interface to run EnergyPlus and enables
the modelling of a detailed building design and executing a complete energy performance analysis [33]. According to
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Gonzalez and Yousif [34], DesignBuilder facilitates numerical analysis of particular building energy efficiency measures
and allows for a comprehensive evaluation of results. The following sections briefly explain the simulation process
performed to achieve the objectives of the research paper.

3.1 Input data

3.1.1 Location

First, the necessary information about the location and weather conditions was entered into the software. The input
data for the location section is summarised below:

e Nur-Sultan, Kazakhstan

» Elevation above sea level: 347 m

» Latitude: 51.13°

* Longitude: 71.37°

» Koppen classification: Dfb (humid continental climate of the summer)
* Average annual temperature: 2.2 °C

*  Warmest average temperature: 20.7 °C (July)

* Coldest average temperature: -21.4 °C (February)

* Annual precipitation: 308 mm

3.1.2 Building characteristics

A two-story building with simple planning and a total built-up area of ~240 m? was constructed in the software
(Figure 1). It was also assumed that the natural gas system was used for heating and a central air conditioning system
for cooling.

\

e,
o~

Figure 1. (a) 3D model, (b) Ist-floor plan, and (c) 2nd-floor plan of the reference building
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The characteristics of the building, namely geometry, envelope, materials (Table 1), usage of the building
(occupancy, lighting, equipment, appliances, HVAC, etc.), and other properties were entered, taking into account the
standard practises of occupancy.

The occupancy density was set as 0.0155 people/m?. Dwell domestic circulation was selected for the residential
type of building. The schedule of activities is as shown in Table 2.

Table 1. Characteristics of the building envelope

Characteristics of the building envelope

Roof 25 mm Clay Tile Roofing, 242.3 mm MW Stone Wool, 5 mm Roofing Felt

External Walls 100 mm Brickwork Outside, 171.3 mm XPS Extruded Polystyrene - CO2 Removal, 100 mm Concrete Block
(medium), 13 mm Gypsum Plastering

Partitions 13 mm Gypsum Plastering, 115 mm Brickwork Inner, 13 mm Gypsum Plastering

Internal Floor 100 mm Cast Concrete

Ground Floor 132.7 mm Urea-formaldehyde foam, 100 mm Cast Concrete, 70 mm Floor Screed, 30 mm Timber Flooring

Table 2. Activity schedule

Type Schedule
Occupancy 00:00-07:00 — 0%; 07:00-10:00 — 100%; 10:00-19:00 — 0%;
19:00-23:00 — 20%; 23:00-24:00 — 0%
Equipment 00:00-07:00 — 6%; 07:00-08:00 — 53%; 08:00-09:00 — 100%;
10:00-17:00 — 6%; 17:00-18:00 — 30%; 18:00-19:00 — 53%;
19:00-20:00 — 77%; 20:00-22:00 — 100%; 22:00-23:00 — 77%; 23:00-24:00 — 30%

Lighting 00:00-07:00 — 0%; 07:00-10:00 — 100%; 10:00-19:00 — 0%
19:00-23:00 — 100%; 23:00-24:00 — 0%

Heating 00:00-05:00 — 50%; 05:00-10:00 — 100%; 10:00-17:00 — 50%;
17:00-23:00 — 100%; 23:00-24:00 — 50%

Cooling 00:00-05:00 — 0%; 05:00-10:00 — 100%; 10:00-17:00 — 0%

17:00-23:00 — 100%; 23:00-24:00 — 0%

Regarding the activities mentioned above, 11.7 W/m? equipment and 5 W/m? lighting loads were chosen. The
lighting settings were adjusted to achieve 150 lux illuminance in the rooms. Finally, the temperature settings for the
heating and cooling control were set, as shown in Table 3.

Table 3. Setpoints of heating and cooling temperatures

Setpoints of heating and cooling temperatures

Heating temperatures (°C) Heating setpoint 16
Heating set back 14
Cooling temperatures (°C) Cooling setpoint 24
Cooling set back 26

3.2 Simulation process

After defining all the necessary parameters, the simulation started. The simulation procedure was repeated many
times with different parameters to investigate. Specifically, the output for different window characteristics settings such
as orientation, WWR, glazing type, and shading was compared. All simulations were grouped into three types according
to the properties to be tested: WWR, orientation, and window glazing.
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3.2.1 Orientation

As discussed in the literature review, the orientation of buildings has a significant effect on the performance of the
windows. The building has a different area of windows on each side. Thus, it is also essential to determine which side of
the building should have the largest windows.

3.2.2 Window-to-wall ratio (WWR)

The WWR is one of the most important factors influencing both occupants’ energy savings and comfort. Therefore,
numerical simulations were performed with different WWR ranging from 0 to 60% with a 5% increment. Additional
simulations with smaller steps may be required for optimisation.

3.2.3 Window glazing

In addition to the WWR testing, the effect of different window glazings, specifically the number of panes,
thickness, tinting, insulation, and presence of other films, was tested.

Table 4. Types of window glazing

Window glazing type Designated by U-value (W/m?2k) Solar heat gain coefficient
(SHGC)
Single-pane window Clear 3 mm Sg C13 mm 6.257 0.861
Clear 6 mm Sg Cl 6 mm 6.121 0.819
Blue 6 mm Sg Bl 6 mm 6.121 0.620
Bronze 6 mm Sg Br 6 mm 6.121 0.620
Double-pane window  Clear 6 mm - 13 mm Air Db C1 6 mm 2.708 0.703
Blue 6 mm - 13 mm Air Db Bl 6 mm 2.708 0.497
Bronze 6 mm - 13 mm Air Db Br 6 mm 2.708 0.497
Triple-pane window  Clear 6 mm - 13 mm Air Tr Cl Air 1.778 0.684
Clear 6 mm - 13 mm Argon Tr Cl Arg 1.635 0.685
Clear 6 mm - Low-E Tr Low-E 0.993 0.474

4. Results

4.1 Effect of window characteristics on total energy consumption
The simulation can provide information on fuel breakdown or energy consumption by end-use as an output.
It shows an annual summary of the energy consumption performance of the building. Table 5 shows the necessary

information for further discussion in the example of the energy report for reference building parameters with single 3
mm clear glazing, 20% WWR, and a fagade in the north direction.

Table 5. Energy consumption (kWh) of the reference building

Room electricity Lighting Heating (Gas) Cooling (Electricity) DHW (Electricity) Total annual energy consumption
1,170 3,587 29,260 3,725 6,476 44218

4.1.1 Orientation

As illustrated in Figure 2, the results of simulations with different building orientations show that the north and
south fagade of the building achieved the best energy performance. This result complies with the information from
the literature review. As a result, the largest windows should be located on the south side of the building. Although the
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building with a north fagcade showed almost the same results as the building with a south facade, such values may be
justified because the north side of the reference building has more window area than the south side.

36,400
36,300
= 36,200
=
<
=
2 36,100
[=9
=
7
g 36,000
Q
>
& 35,900
35,800
35,700
West South-west South South-east East North-east North North-west
Orientation

Figure 2. Effect of orientation on energy consumption (kWh)

4.1.2 Window glazing

Several simulations were also performed to determine the most effective window glazing (Figure 3). As shown in
Figure 3, a triple-glazed window with a low-emissivity film has the most significant energy-saving potential. However,
it should be noted that a double-pane window is much more efficient than a single-pane window, saving approximately
6,000 kWh on average. Meanwhile, reducing energy consumption by 2,473 to 5,301 kWh can be achieved using triple-
glazed windows instead of double-glazed ones.

It should be pointed out that among the windows with the same U-value but different SHGCs, the ones with
higher solar transmittance demonstrated better performance. In particular, clear double-pane windows reduced energy
consumption by about 1,500 kWh when compared to blue and bronze double-glazed windows. Using clear single-
glazed windows instead of blue and bronze ones yields similar results, saving approximately 1,300 kWh. These results
are consistent with the findings of Thm et al. [23] and Kaasalainen et al. [27]. Hence, tinting affects the energy efficiency
of the building, and clear glazing was found to be the most effective in the Nur-Sultan climate. Using lower SHGC
windows may be efficient for facilities located in hot climate zones or only during the summer to reduce the energy for
cooling.

The results show that some energy can be saved if the space between the panes is filled with argon instead of air.
The difference is estimated to be insignificant. Additionally, changing the thickness of the single-glazed window from 3
mm to 6 mm had no significant effect on the amount of energy consumed.
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Figure 3. Effect of the type of glazing on energy consumption (kWh)

4.1.3 Window-to-wall ratio (WWR)

Another step in estimating the effect of window characteristics on energy consumption is simulations with different
WWRs. The results (Figure 4) show that the energy savings potential increases as the WWR is reduced. Energy

consumption remained almost unchanged as WWR increased from 0 to 12%, while it increased linearly for WWR
greater than 15%.
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Figure 4. Effect of WWR on energy consumption (kWh)
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Notwithstanding the results obtained, the low value of WWR negatively affects the energy performance due to the
additional load on general lighting. Passive houses reduce their electric energy consumption by using modern energy-
saving lamps for lighting systems and household appliances, as well as equipping them with automation tools that
provide the most economical work cycle. Thus, another simulation with sensors and lighting control was performed,
demonstrating the difference in general lighting consumption depending on the amount of daylight available. 150 lumen/
m? of illuminance was explicitly established as a requirement to be met in the building. The following requirements also
increased the power density for general lighting (Table 6).

Table 6. Lighting power requirements [35]

Type of space Normalised lighting power density (W/M/100 lux)

Bedrooms 7.5
Kitchen (domestic) 5
Lounges- small area 7.5

Toilets 5

Based on the proposed requirements, the characteristics of the building were adjusted, and the effect of WWR on
energy for general lighting was estimated.
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Figure 5. Effect of WWR on general lighting power consumption (kWh)

Figure 5 shows that the low value of WWR has a negative impact on energy consumption due to general lighting,
despite savings on heating and cooling. The lighting electricity required for the building with 0% WWR is not included

in the graph as it is two times greater than the energy needed for 5% WWR. Therefore, it makes sense to keep the WWR
in the range of 10 to 15%.

4.2 Effects of window characteristics on the comfort level

Changing the window’s characteristics affects not only energy consumption but also the comfort of the occupants.
Specifically, thermal comfort could be affected. When the insulation properties of the windows are overly high, it can
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negatively affect the comfort level of the occupants due to rising temperatures and poor ventilation inside the building.
However, all changes in window characteristics had no significant impact on the air and operating temperatures inside
the rooms. Despite slight differences in all cases, the temperature remained within the acceptable range of 21.7 to 26.8
°C. It can be justified by the presence of heating and cooling systems used to adjust the temperature in the building,
which in turn creates additional loading and expenses.

A decrease in the WWR, on the other hand, can lead to a shortage of daylight. The comfort level was estimated
based on two output types: the daylight factor and the illumination level. The general requirement for illuminance levels
was 150 lumen/m?. The optimal illuminance for general rooms was set in the range of 100 to 300 lux, with a drop of up
to 25 lux in corridors and central areas. The daylight factor (DF) coefficient describes the difference between the amount
of daylight available inside the rooms and outside the building. Therefore, rooms with an average DF of 2% or more can
be considered daylit, but electric lighting may still be necessary to perform visual tasks. At the same time, rooms with
an average DF of 5% or more are considered strongly daylit, and electric lighting is unlikely to be used during the day
[36].
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Figure 6. Daylight distribution examples for (a) 8% WWR and (b) 30% WWR
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Thus, based on the simulation of the distribution of daylight for different WWRs (as shown in Figure 6), it can be
stated that a sufficient level of daylight can be achieved if the WWR exceeds 21%.

4.3 Discussion of results

In general, optimising window properties to improve the energy performance of residential buildings can also
influence the thermal and visual comfort of the occupants. In terms of energy efficiency, the WWR value appears to
be limited by 12%, which corresponds to the results obtained by Ihm et al. [23], with a 10% WWR window showing
the best performance in a cold climate. However, if the WWR increased by 10%, annual energy consumption would
increase from 35,000 to 36,590 kWh, and significant changes would occur in electricity use. Subsequently, WWR values
between 15 to 20% may be suggested as an adequate compromise to achieve a satisfactory comfort level and energy
performance.

One of the basic principles of comfort and energy savings in a passive home is ventilation. A sufficient volume of
fresh air must enter the building to meet the passive house standard. This arrangement allows for the space to maintain
an optimal level of comfort and humidity. An efficient exhaust ventilation system with recuperation is used in passive
houses to meet these requirements. Building ventilation can cause large heat losses and significant energy costs.
Therefore, instead of natural ventilation, it is proposed to use a recovery system. It is possible to reduce the operating
costs of electricity and, as a result, the cost of purchasing equipment by using this system. By using special material
from the recuperation equipment, the supplied air is cool and dry in the summer, and heated and humidified during the
winter due to exhaust air. The reduction in energy spent on building ventilation is achieved by reducing the amount of
external air intake through the review of the planning solution, rearrangement of internal spaces with similar functions,
and a sound air distribution system to reduce the need for additional quantities [37].

The next big problem to be resolved is the lack of natural daylight in the rooms. A specific programme that adjusts
lighting power based on differences in natural light can be implemented to reduce the energy costs of lighting space [38].

Additionally, the use of light-coloured walls, ceilings, floors, and furniture can increase daylight accumulation
and distribution inside rooms. The implementation of tubular skylights, which can be described as a pipe that transmits
sunlight with minimal loss, can significantly increase natural daylight while saving up to 50% of energy [28].

5. Conclusion

There are different optimal window geometry characteristics for each facade of the building to improve energy
performance. Simulations show that it is necessary to maximise the solar gain in the cold conditions of Nur-Sultan.
Consequently, designers may consider allocating most window openings on the southern side, while introducing the
least amount of window area to the west and east. In addition to this, the northern facade of the building should be
designed with minimum translucent walling. Some simulations also showed that the use of shading for windows helps
to slightly reduce the energy for cooling during the summer.

The triple-glazed Low-E window outperformed the other Low-E windows tested in terms of energy performance of
the reference building. As Low-E windows are more expensive than double-pane windows, they may require a life-cycle
cost analysis to be approved for use in Kazakhstan. For the same reason, IThm et al. [23] recommended double-glazed
windows over triple-glazed windows in their research for South Korea. Additionally, the difference in the environmental
impact of both types of windows could also be evaluated.

Finally, it was found that WWR in the range of 10 to 15% is the most optimal for the climate of Nur-Sultan.
However, this value can be adjusted depending on the preference for a certain level of comfort.

The environment’s sustainability lies in the fact that human needs must be met to the maximum degree in the
building, which is supposed to have a minimal impact on the environment and non-renewable resource consumption
throughout the life cycle. Around 40% of the energy generated in Kazakhstan is delivered to heat residential buildings.
As previously mentioned, housing accounts for 24% of national heating demand. Subsequently, it is clear that an
enormous amount of energy is lost during supply chain tranfers, and an excessive volume of fuel is merely wasted.
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This might be a topic of discussion for future research. In addition, energy savings positively influence the environment
by reducing pollution from waste and emissions. Therefore, the implementation of passive houses, which contribute
significantly to sustainability and energy efficiency, could be brought into further studies.

The results of this study could be used to improve the energy efficiency of buildings in Karagandy, which is the
fourth largest city in Kazakhstan. It has a similar climate to Nur-Sultan. It is also located in the Dfb climate region
according to the Koppen climate classification, along with the southern part of Canada, south-western Russia, Ukraine,
Belarus, Baltic countries, southern coastal regions of Sweden and Finland. Thus, research outputs regarding the
countries mentioned above could be thoroughly evaluated as guidance for subsequent research.

During the years 1936 to 2005, the climate in Kazakhstan has become significantly warmer. Every decade, the
average annual temperature increased by 0.310 °C. Many regions became susceptible to abnormal heat, which increased
by a factor of two, while the duration of abnormally low air temperatures decreased. Therefore, researchers can consider
future climate changes when addressing the energy efficiency of buildings in Kazakhstan.
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