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Abstract: Windows are among building components that have the strongest effect on thermal load.
They play a significant role in heat loss in buildings because they usually have a largely higher
thermal conductance than other components of the building envelope. Although many studies
have highlighted the relevance of heat transfer through frames and aimed to improve their thermal
performance, poorly insulated aluminum frames (thermal conductivity of aluminum is 160 W/m·K,
while that of polyvinyl chloride [PVC] is 0.17 W/m·K) are still in use in Japan. Therefore, the U-values
of different window frames were calculated, and annual thermal loads were calculated according
to the window configurations, including the frame, glazing, and cavity. We focused on standard
residential buildings in Japan with a total floor area of 120.6 m2 (two-story building), and the number
of newly built houses and the application rate of window configurations in 2019 were surveyed to
estimate the CO2 emissions by regions. CO2 emissions were reduced by approximately 3.98–6.58%
with the application of PVC frames. Furthermore, CO2 emissions were converted into the amount
of CO2 gas absorbed by cedar trees, which cover nearly 18% of the total land area of Japan. In
conclusion, analogous to the amount of CO2 gas absorbed by cedar trees, the absorption effect was
equivalent to 327,743–564,416 cedar trees. Changing the window frame material can facilitate a
significant energy-saving effect as a considerable amount of energy is saved, especially at a city scale.

Keywords: window frame; thermal transmittance; CO2 emissions; energy consumption; city scale

1. Introduction

A recent publication by the Intergovernmental Panel on Climate Change [1] indicated
that the largest growth in carbon emissions originates from electricity generation, trans-
port, industry, and building operations. The building sector accounts for approximately
40% of the total energy consumption in many countries; this indicates the importance of
minimizing energy consumption in this industry [2,3].

Windows are typically responsible for a large fraction of heat loss in buildings because
of the large differences between their thermal transmittance values (U-value) and other
building components [3–6]. However, windows can contribute to heating via solar energy
transmitted through glazing. Window frames cover a relatively small fraction of the entire
building’s surface; however, they can be responsible for a major part of heat loss depending
on their insulation properties (compared to those of other elements of the building envelope)
and solar transmittance [5,6]. However, although significant improvements have been
made in designing highly insulating window frames [3,6–10], poorly insulated aluminum
frames are still in use in many regions worldwide [11,12]. The thermal conductivity of
aluminum is 160 W/m·K, while that of polyvinyl chloride (PVC) is 0.17 W/m·K.

In Japan, as of 2020, the application frequencies of relatively poorly insulated alu-
minum frames and composite frames (polyvinyl chloride with aluminum) were 10.1%
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and 67.5%, respectively [13]. The installation rate of PVC frames was 10% in 2013 and
increased to 16.5% and 22.5% in 2016 and 2020, respectively [13,14]. This implies that PVC
frames have been applied rapidly in the Japanese construction industry in recent years.
However, given that PVC frames are applied to more than 50% of buildings in America and
Europe [15], the insulation level of window frames in Japan remains low, which attracted
our attention. In many countries, including Japan, the thermal performance of window
frames can be significantly improved, which warrants additional research. Therefore, it is
necessary to quantify the effect of significant efforts to increase the thermal performance
of window configurations—an ongoing trend in Japan and around the world—on the
annual energy consumption and CO2 emissions in the building sector. In addition, to
evaluate the effect of improving the thermal performance of window frames nationwide,
the energy-saving effect of window configurations should be quantified at the city scale
and not at the scale of single residential buildings.

Although many studies have highlighted the relevance of heat transfer through frames
with the aim of improving the thermal performance of frames, research on the impact of a
typical frame material (e.g., aluminum frame, PVC frame, and aluminum–PVC composite
frame) on the overall thermal performance of residential buildings or its impact on the
energy consumption reduction rate at the city scale is lacking. Few studies have evalu-
ated the impact of typical frames on the building’s energy performance [16,17]. Certain
investigations have focused on using low-conductivity materials to reduce the thermal
transmittance of the frame and minimize the additional heat loss caused by glazing and
spacer systems [15]. Appelfeld et al. [6] used three novel designs of thin glass fiber-
reinforced polyester frames to calculate the impact of replacing aluminum frames without
thermal breaks on the energy consumption of an office building. They found that the
optimal design could reduce total energy consumption by 6.5 kWh/m2 per year (almost
20%). However, the window design proposed in their study included the lately developed
uncommon frame. Moreover, existing investigations have focused on single buildings; the
embodied impacts of typical window frames on the annual energy consumption at the city
scale have been overlooked.

The objectives of this study were (1) to identify the impact of differences in the
frame material on the heating and cooling energy consumption of residential buildings,
(2) quantify the energy-saving impact of the application of highly insulated frames for
new residential buildings in various regions in Japan at the city scale, and (3) discuss the
feasibility of national countermeasures to minimize the CO2 emission rate by improving
the thermal insulation level of window frames.

This paper is structured as follows. In Section 2, the methodology and research
process for analyzing the impact of the frame material on the annual energy consumption,
heating and cooling, and CO2 emission rates are presented. In Section 3, the simulation
configurations used to determine the U-values of the frames and the simulated results are
presented. In Section 4, the impact of the window frame on the building’s annual energy
consumption and the energy conversion to CO2 emissions at the city scale are analyzed.
Finally, Section 5 summarizes the key findings of this study.

2. Methodology

To achieve the goals of sustainability, a multi-disciplinary approach covering a number
of features in the whole life cycle assessment phase, which includes the manufacturing
phase, use phase, and demolition phase, is required [18]. However, energy consumption on
operating accounts for approximately 80–90% of total life cycle energy [19]. Therefore, in
this study, energy consumption during the operation stage due to different window frames
have been discussed. The thermal properties of window frames based on their material and
effect on annual energy consumption and CO2 emissions at the city scale were calculated
in three steps: (1) calculation of the U-value of the frame by material, (2) quantification
of the annual energy consumption with the application of different window frames, and
(3) conversion of the effect of different window frames on energy consumption and CO2
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emission rate into the city scale. The three steps of the research methodology are explained
in the following subsections.

2.1. Step 1: U-Value of the Frame

In the first step, we calculated the U-values of the frames based on the material. U-
values were obtained using a simulation program called THERB for HAM [20], which was
originally an unsteady computational simulation tool for evaluating the thermal environ-
ment of buildings. This software has been validated through standardized tests in Japan,
such as the building energy simulation test procedure [21]. For the user-selectable option,
THERB for HAM can simulate highly precise heat transfer through the building envelope
using two-dimensional analysis based on the finite element method under unsteady-state
conditions. The U-values of the frames were calculated using the method recommended in
ISO 10077-2 [22]. The method is based on using a highly insulated panel that substitutes
glazing and eliminates the effect of the thermal bridge using the glazing spacer [6,22].

2.2. Step 2: Impact of Window Frame on Building Thermal Load, Energy Consumption,
and CO2 Emissions

Based on the U-value of the frame calculated in Step 1, the effect of the material change
in the frame on the annual building thermal load was evaluated. THERB for HAM was
used to evaluate the thermal load of the target buildings.

The annual thermal load of the target residential building was calculated and con-
verted into energy consumption in terms of electricity and CO2 emission rate to determine
the energy-saving effect based on the window configurations. The annual performance
factor (APF) was used to convert the thermal load into energy consumption. The power
consumption was calculated by dividing the thermal load by APF. APF was set at 5.8, which
is the median value of the basic statistics on the sales performance of home appliances [23].

The CO2 emission rate can be calculated by multiplying the power consumption by the
CO2 emission factor. For the CO2 emission factor, the values of the local power company
by region were sourced from the Ministry of the Environment [24].

2.3. Step 3: Impact of Window Frame on CO2 Emissions at City Scale

To quantify the CO2 emission rates according to the application of window combina-
tions (including glazing, cavity, and frame) by region, data analysis was performed on the
application rate of window combinations according to region and the number of newly
built houses.

According to energy conservation standards [23], Japan is divided into eight regions.
In this study, to analyze the effect of window frame materials on energy saving at the city
scale, seven regions with thermal insulation regulations were selected [25]. One city was
selected from each of the seven regions; Asahikawa, Sapporo, Morioka, Nagano, Toyama,
Tokyo, and Fukuoka were selected as sample cities in regions 1 to 7, respectively.

Table 1 shows the frequency of window frame applications according to region [13]
and the number of newly built households (last column) [26] in 2019. Frames can be
fabricated using a variety of materials [27], but most installed window frames in Japan
are made of aluminum, PVC, and composites of aluminum and PVC [13]. The application
frequency of the PVC frame in the cold regions (regions 1 and 2) was approximately 99.00%,
as shown in Table 1. However, the nationwide adoption rate of PVC frames in Japan was
only 23.47%. The frequency of adoption of aluminum frames in window configuration is
still quite high in Japan. In this study, wooden frames were excluded from the analysis
because wooden frames are rarely used in houses in Japan [13].

A total of 151,569 newly built residential buildings were investigated in this study.
Region 6, which includes cities with high population densities, such as Tokyo, had the
highest number of newly built households, accounting for approximately 72.6% of the total.

The number of new households surveyed in this study (151,569) was approximately
17.2% of the total number of newly constructed households in Japan [28]. Therefore, the
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results of this study represent approximately 17% of the energy consumption of the entire
residential building sector in Japan, which has considerable research significance.

Table 1. Frame application frequency and number of newly built households by region.

Region

Frame Application Frequency by Households
(Number of Households, %)

Sum (Number of
Newly Built

Households, %)PVC Composite Aluminum Wood

Entire area 35,571 (23.47%) 97,709 (64.47%) 18,155 (11.98%) 24 (0.02%) 151,569 (100%)
Region 1 (Asahikawa) 1495 (99.00%) 0 (0.00%) 14 (0.90%) 2 (0.10%) 1510 (100%)

Region 2 (Sapporo) 15,839 (99.00%) 0 (0.00%) 144 (0.90%) 6 (0.10%) 15,999 (100%)
Region 3 (Morioka) 1063 (53.60%) 893 (45.00%) 26 (1.30%) 2 (0.10%) 1984 (100%)
Region 4 (Nagano) 433 (18.50%) 1729 (73.80%) 176 (7.50%) 5 (0.20%) 2343 (100%)
Region 5 (Toyama) 1102 (35.50%) 1983 (63.90%) 19 (0.60%) 0 (0.00%) 3103 (100%)
Region 6 (Tokyo) 12,982 (11.80%) 81,195 (73.80%) 15,733 (14.30%) 10 (0.10%) 110,020 (100%)

Region 7 (Fukuoka) 2658 (16.00%) 11,909 (71.70%) 2043 (12.30%) 0 (0.00%) 16,610 (100%)

3. Simulation for U-Value of the Frame (Step 1)
3.1. Description of the Examined Window Configurations

Figure 1 shows a representative cross-section for each window frame. In this study,
PVC, composite (PVC and aluminum), and aluminum frames were selected for analysis.
The geometry of each frame is that of a typical window frame in Japan. The width of the
frame varied depending on the frame material. The width of the PVC frame was 103 mm,
and the widths of the composite and aluminum frames were 61 mm.

Figure 1. Cross-section of (a) aluminum frame including wall, (b) aluminum frame, (c) composite
frame (aluminum and polyvinyl chloride [PVC]), and (d) PVC frame.
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Glazing was configured in the same manner; the windows were double-glazed with a
low-e coating and filled with air to a thickness of 16 mm. The PVC frame was set as white,
and the composite and aluminum frames were gray to ensure that solar absorption rates
were uniform among the frame materials. The effect of the frame material only on thermal
performance was analyzed.

3.2. Simulation Conditions

This section presents the simulation conditions used to calculate the U-values of the
frames. The temperature distribution was determined by calculating the two-dimensional
heat transfer for the cross-sectional models. The thermal transmittance rates for all frame
materials were calculated and compared according to the temperature distribution. The
input conditions and material properties were based on ISO 1007-2 [22]. The indoor and
outdoor temperatures were fixed at 20 ◦C and 0 ◦C, respectively, and the calculation was
performed until a steady-state was achieved in the absence of external solar radiation
and wind speed. The thermal conductivity of the window cavities was calculated in
terms of the equivalent thermal conductivity according to ISO 1007-2 [22]. The thermal
conductivity values of the frames were set as 0.17 W/(m·K) for PVC-Hard and 160 W/(m·K)
for aluminum. The densities of the frames were set as 1390 kg/m3 for PVC-Hard and
2800 kg/m3 for aluminum.

3.3. Simulation Results: U-Value of Frames

Figure 2 shows the calculated temperature distributions for each reference frame. The
indoor surface temperature of the frame was maintained at its highest value in the PVC
frame (Figure 2c), followed by that of the composite (Figure 2b) and aluminum frames
(Figure 2a). Additionally, the temperature distribution of the PVC frame was clearly
divided between the indoor and outdoor sectors. However, low temperature values were
distributed almost uniformly throughout the aluminum frame. Therefore, the PVC frame
exhibits the lowest heat loss due to transmission, and the aluminum frame exhibits the
highest heat loss. In conclusion, the thermal conductivity values of the PVC, composite,
and aluminum frames were 1.88 W/m2·K, 5.32 W/m2·K, and 8.78 W/m2·K, respectively.
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4. Impact of the Window Frame on Annual Building Thermal Load, Energy
Consumption, and CO2 Emissions (Steps 2 and 3)
4.1. Description of Reference Building and Window Configurations

To analyze the effect of the frame materials on the annual thermal load, energy con-
sumption, and CO2 emissions, a standard residential building in Japan was selected for
analysis. Figure 3 illustrates a prototype of a residential building from the Institute for
Building Environment and Energy Conservation (IBEC) [29]. This is a standard two-story
building in Japan, with a total floor area of 120.6 m2; that is, 67.9 m2 for the first floor and
52.17 m2 for the second floor [29].

Figure 3. Floor plan of a reference building.

The window-to-wall ratio—the total area of the glazing (window) divided by the total
wall area—of the reference building varies according to climatic conditions. The window-
to-wall ratio of the reference building for regions 1 and 2 was 14.7%, whereas that for
regions 3–7 was 18.9% [29]. The cold area had a relatively small window area. Table 2 lists
the thermal performances of the building envelope. The thickness of the thermal insulating
material varied according to the energy conservation standard for each region [23].

The main purpose of this study was to analyze the effect of frame materials on energy
performance. Therefore, examining the effect of the changes in the frame material under
uniform conditions of glazing or air cavity is important. However, in the actual construction
market, generally applied glazing specifications differ for each frame material. Therefore,
seven different types of window combinations were determined, as shown in Table 3.
Table 3 shows the window configurations based on the window frame material, filled-
gas-type air cavity, and cavity thickness, with regard to the sales performance of Japanese
manufacturers [14]. The application status of each window configuration, according to the
region and based on the defined window configuration, is shown in Table 4. In regions 1
and 2, which are cold regions, the application of high-performance windows with PVC
frames was approximately 99%. Conversely, in regions 6 and 7, the installation ratio of the
aluminum frame, which has a low thermal performance, was approximately 12–15% owing
to the relatively warm outdoor conditions. Among the window configurations adopting
PVC frames, window type 3, in which cavities are filled by dry air, is not popular in the
Japanese market. Nevertheless, this window type was selected to identify the U-value of
the window frame based on its material and to analyze the effect of the frame material on
the annual building thermal load.
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Table 2. Description of material parameters.

Category Layer Thickness [m]
Thermal

Conductivity
[W/(m·K)]

Specific Heat
[J/(kg·K)]

Specific Weight
[kg/m3]

Exterior wall

Gypsum board 0.009 0.220 870.0 706.0
Thermal insulation

(glass wool) * 0.130/0.080/0.040 0.045 840.0 56.0

Structural
plywood 0.012 0.160 1880.0 556.0

Ventilated cavity 0.022 0.024 1005.0 1.2
Siding 0.015 0.140 760.0 1110.0

Ceiling

Interior finishing
materials 0.012 0.160 1880.0 556.0

Ventilated cavity 0.030 0.024 1005.0 1.2
Thermal insulation

(glass wool) * 0.280/0.210/0.090 0.050 840.0 56.0

Structural
Plywood 0.012 0.160 1880.0 556.0

Sheet 0.001 0.160 840.0 1270.0
Roof finish 0.030 0.349 800.0 2000.0

Floor

Plywood 0.012 0.111 1880.0 550.0
Thermal insulation

(glass wool) * 0.150/0.110/0.050 0.045 840.0 56.0

Plywood 0.012 0.160 1880.0 556.0

* Thickness of thermal insulation varied according to the region (Regions 1–2/Regions 3–4/Regions 5–7).

Table 3. Description of window configurations. AL, aluminum; PVC, polyvinyl chloride.

Classification
Type of Window

1 2 3 * 4 5 * 6 * 7

Frame PVC PVC PVC AL+PVC AL+PVC AL AL

Glazing Low-E triple Low-E
double

Low-E
double

Low-E
double

Low-E
double

Low-E
double Single

Cavity Argon Argon Air Argon Air Air Air
15 mm × 2 16 mm 16 mm 16 mm 16 mm 16 mm 16 mm

* Window specifications used to calculate U-value for each frame material in Section 3.

Table 4. Application frequency or window assembly according to region.

Region
Type of Window

Sum
1 2 3 * 4 5 * 6 * 7

Region 1
(Asahikawa)

881
(58.42%)

613
(40.65%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 14 (0.93%) 0 (0.00%) 1508 (100%)

Region 2
(Sapporo)

9345
(58.47%)

6494
(40.63%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 144 (0.90%) 0 (0.00%) 15,983

(100%)
Region 3

(Morioka)
239

(12.06%)
824

(41.57%) 0 (0.00%) 264
(13.32%)

629
(31.74%) 26 (1.31%) 0 (0.00%) 1982 (100%)

Region 4
(Nagano) 42 (1.80%) 391

(16.72%) 0 (0.00%) 294
(12.57%)

1435
(61.38%) 176 (7.53%) 0 (0.00%) 2338 (100%)

Region 5
(Toyama) 177 (5.71%) 924

(29.79%) 0 (0.00%) 508
(16.38%)

1475
(47.55%) 8 (0.26%) 10 (0.32%) 3102 (100%)

Region 6
(Tokyo)

2298
(2.09%)

10,684
(9.72%) 0 (0.00%) 21,029

(19.13%)
60,165

(54.74%)
5727

(5.21%)
10,006

(9.10%)
109,909
(100%)

Region 7
(Fukuoka) 691 (4.16%) 1967

(11.84%) 0 (0.00%) 4514
(27.17%)

7396
(44.52%) 276 (1.66%) 1767

(10.64%0
16,611
(100%)

* Window specifications used to calculate U-values for each frame material in Section 3.
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4.2. Simulation Conditions

The calculated U-value of the frame for each material was applied as an input value
for the unsteady-state energy analysis simulation to calculate the annual building load,
power consumption, and CO2 emission rate for each condition.

Weather data for the standard year of the expanded Automated Meteorological Data
Acquisition System [30] were used for weather conditions. In all cases, the internal gain
was generated constantly, and sensible heat of 260 W and latent heat of 220 W were set as
the internal heat generations from four people in the house. The ventilation rate was set as
0.5 air change rate per hour and heating and cooling systems were operated continuously
(27 ◦C in the cooling season and 20 ◦C in the heating season). The simulations were
conducted for a year, and the simulation time step was 10 min.

4.3. Simulation Results: Impact of the Window Frame Material on Annual Energy Consumption
and CO2 Emissions (Step 2)

The heating, cooling, and total heat loads by region for the seven window configu-
rations are presented in Table 5a–c. In regions 1–2, which are relatively cold regions, the
heating load is lower than that of other regions owing to the strengthening of the thermal
insulation performance of the building envelope (Table 5a). However, regions 4–7 show
higher heating loads than the cold regions despite warm external conditions, owing to
the low insulation performance of the buildings. The regions also exhibited a significant
reduction in the heating load following an improved thermal performance of the window
configurations (window types 1 to 7).

In the case of the cooling load in Table 5b, owing to the high level of thermal insulation
of the building envelope, a low level of cooling load was observed in the warm climate
regions. The cooling load decreases as the insulation performance of windows is improved
in all regions. In cold regions, the cooling load is increased owing to a decrease in the heat
transfer rate through the windows, attributable to the improved insulation performance of
the window glazing (window types 1 and 2). Owing to the conflicting relationship between
the insulation performance and cooling load, the identification of an appropriate insulation
level appears to be necessary.

Regarding the annual thermal load in Table 5c, the total load decreased as the insu-
lation performance of the window configurations was strengthened. This tendency was
evident in all regions. The window configurations adopting the aluminum frame (window
types 6–7) clearly require a higher annual building thermal load than windows adopting
PVC frames (window types 1–3).

Figure 4 shows the results of window combinations (window types 3, 5, and 6) where
the filled-gas-type air cavity and the thickness of the cavity are uniform, and only the frame
material is changed. In this analysis, the net effect of the frame material alone on energy use
is observed. The results of the annual energy consumption and CO2 emission reductions
for the three window combinations are shown according to region. When changing from
an aluminum frame to a composite frame of aluminum and PVC, the annual energy
consumption decreased by approximately 0.11–1.26%. On a regional average, the annual
energy consumption decreased by approximately 0.75%. In addition, when the frame
material was changed from aluminum to PVC, the annual energy consumption according
to region decreased by approximately 1.49–3.55%, and on average, by approximately 2.62%.
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Table 5. (a) Annual heating load by window configurations. (b) Annual cooling load by window
configurations. (c) Annual total heat load by window configurations.

(a)

Region

Annual Heating Load [kWh/year]

Window
Type 1

Window
Type 2

Window
Type 3

Window
Type 4

Window
Type 5

Window
Type 6

Window
Type 7

Region 1
(Asahikawa) 915.0 1655.7 1611.1 1896.5 1849.2 1751.0 1795.7

Region 2
(Sapporo) 695.1 1221.8 1183.5 1301.6 1259.3 1169.0 1296.4

Region 3
(Morioka) 869.1 883.3 872.7 880.2 867.8 828.2 916.4

Region 4
(Nagano) 2344.8 2585.0 2561.8 2666.0 2644.0 2577.0 3518.4

Region 5
(Toyama) 3097.6 3373.2 3352.7 3479.4 3457.2 3406.3 4469.3

Region 6
(Tokyo) 4165.3 4511.1 4495.2 4652.9 4635.2 4597.9 5963.1

Region 7
(Fukuoka) 4720.4 5087.1 5070.2 5223.4 5206.3 5165.3 6529.1

(b)

Region

Annual Cooling Load [kWh/year]

Window
Type 1

Window
Type 2

Window
Type 3

Window
Type 4

Window
Type 5

Window
Type 6

Window
Type 7

Region 1
(Asahikawa) 8762.1 8255.6 8478.4 8303.0 8546.6 8709.9 10,466.6

Region 2
(Sapporo) 7025.2 6539.3 6727.0 6583.2 6787.7 6952.7 8397.5

Region 3
(Morioka) 8784.1 9201.8 9340.3 9304.1 9487.7 9538.8 10,905.3

Region 4
Nagano) 6582.2 6689.0 6806.7 6729.8 6891.1 7030.8 7484.7

Region 5
(Toyama) 7477.7 7675.5 7829.4 7731.4 7902.0 8023.6 8756.8

Region 6
(Tokyo) 4705.6 4742.5 4859.2 4779.3 4907.4 5066.3 5325.2

Region 7
(Fukuoka) 4420.8 4492.0 4599.7 4533.7 4652.7 4789.3 5118.6

(c)

Region

Annual Total Heat Load [kWh/year]

Window
Type 1

Window
Type 2

Window
Type 3

Window
Type 4

Window
Type 5

Window
Type 6

Window
Type 7

Region 1
(Asahikawa) 9677.1 9911.2 10,089.5 10,199.5 10,395.8 10,460.9 12,262.3

Region 2
(Sapporo) 7720.3 7761.0 7910.5 7884.8 8047.0 8121.7 9693.9

Region 3
(Morioka) 9653.2 10,085.0 10,213.0 10,184.3 10,355.5 10,367.0 11,821.7

Region 4
(Nagano) 8927.0 9274.0 9368.6 9395.8 9535.1 9607.8 11,003.1

Region 5
(Toyama) 10,575.3 11,048.6 11,182.1 11,210.8 11,359.2 11,429.9 13,226.1

Region 6
(Tokyo) 8870.9 9253.6 9354.4 9432.2 9542.6 9664.2 11,288.4

Region 7
(Fukuoka) 9141.2 9579.1 9669.9 9757.1 9859.0 9954.6 11,647.7
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Figure 4. Annual energy consumption and CO2 reduction rate of window frame according to region.
PVC, polyvinyl chloride.

The energy-saving rates were the highest where the frame material was changed
from aluminum to composite (0.6%) and PVC (3.6%) in the coldest region (region 1).
Nevertheless, a similar energy-saving effect is expected in regions 2–7 regardless of the
external temperature conditions.

The CO2 emission rate was calculated by multiplying power consumption by the
CO2 emission factor. Based on the aluminum frame in the coldest region (region 1), the
application of the PVC frame and the composite frame reduced the CO2 emission rate
by 42.01 kg and 7.36 kg, respectively, yielding the largest reduction among all regions.
Furthermore, in a relatively warm region (region 6), when the aluminum frame was
replaced with composite and PVC frames, CO2 emission savings of 9.54 kg and 24.3 kg
were achieved, respectively.

In summary, depending on the application of the composite frame, the reduction
amounts were 1.04–9.54 kg of CO2 per household per year, and 14.02–42.01 kg of CO2
depending on the application of the PVC frame. On average, compared to the installation
of aluminum frames, composite and PVC frames showed a reduction of 6.31 kg of CO2 and
23.19 kg of CO2, respectively. Furthermore, CO2 emissions were converted into the amount
of CO2 gas absorbed by cedar trees, which are prevalent in Japanese forests and cover
nearly 18% of the total land area of Japan [31,32]. The amount of CO2 gas absorbed per year
by a single cedar tree is approximately 14 kg of CO2 [33]; therefore, it is possible to reduce
the CO2 gas emission equivalent to that absorbed by a single cedar tree by strengthening
the thermal insulation performance of the frame. In particular, when the window frame
was changed to PVC, a greenhouse gas reduction effect equivalent to the amount of CO2
gas absorbed by 1–3 cedar trees per household for one year was observed; therefore, the
effect of changing the window frame material on the annual energy consumption and CO2
emissions throughout the study region was observed to be quite significant.

4.4. Simulation Results: Impact of the Window Frame on CO2 Emissions at the City Scale (Step 3)

Figure 5 shows the annual CO2 emissions according to the regions in 2019. Figure 5a–g
compare CO2 emissions under three conditions: (1) CO2 emission status of newly built
houses in each region as of 2019, (2) an alternative where the window compositions
were changed to window types 1 and 2 (Alternative 1), and (3) an alternative where
window compositions were all changed to window type 1 (Alternative 2). In Alternative
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1, the frequency of window types 1 and 2 was based on the sales ratio of window frame
manufacturers in 2019.

Figure 5. Cont.
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Figure 5. CO2 emission rate by window configurations in (a) region 1, (b) region 2, (c) region 3,
(d) region 4, (e) region 5, (f) region 6, (g) region 7, and (h) nationwide.

CO2 emissions in all regions clearly decreased upon applying Alternatives 1 and 2. In
the cold regions, the original PVC frame installation rate was high. Therefore, in regions
1 and 2, the reduction rates were approximately 1.06–17.43 t of CO2 and 6.26–36.50 t of
CO2, respectively. In conclusion, in regions 1 and 2, a CO2 reduction effect equivalent to
the amount of CO2 absorbed by 76–1245 cedar trees and 448–2607 trees per year can be
achieved. In region 2, the reduction exceeded that in region 1 owing to the large number of
newly constructed residential buildings. Consequently, the amount of the CO2 emission
reduction in cold regions throughout the region accounted for 0.16% and 0.68% following
the implementation of Alternatives 1 and 2, respectively (Table 6).

Table 6. CO2 reduction rate according to alternative window configurations.

Region

Alternative 1 Alternative 2

CO2 Reduction Rate
[t CO2]

Frequency of CO2
Reduction Rate [%]

CO2 Reduction Rate [t
CO2]

Frequency of CO2
Reduction Rate [%]

Region 1 (Asahikawa) 1.06 0.02% 17.43 0.22%
Region 2 (Sapporo) 6.26 0.14% 36.50 0.46%
Region 3 (Morioka) 26.65 0.58% 87.03 1.10%
Region 4 (Nagano) 41.56 0.91% 98.66 1.25%
Region 5 (Toyama) 65.17 1.42% 176.92 2.24%
Region 6 (Tokyo) 3955.81 86.21% 6671.42 84.43%

Region 7 (Fukuoka) 491.89 10.72% 813.87 10.30%
Sum 4588.41 100% 7901.82 100%

In regions 3–5, the CO2 reduction rates of Alternatives 1 and 2 corresponded to
26.65–65.17 t of CO2 and 87.03–176.92 t of CO2, respectively, corresponding to the amount
of CO2 absorbed by 1904 to 12,637 cedar trees per year. Compared to cold regions (regions 1
and 2), the application rate of the aluminum frame was high; therefore, the amount of CO2
reduction due to frame replacement was relatively large. The amount of CO2 reduction in
regions 3–5 compared to the reductions throughout the region were approximately 2.91%
(Alternative 1) and 4.59% (Alternative 2) (Table 6).

Region 6, which has a relatively high aluminum frame adoption rate, has a high
population density and a large number of new buildings; therefore, Alternatives 1 and
2 in region 6 accounted for 86.21% and 84.43% of the reduction rate of the entire region,
respectively. In conclusion, as the thermal performance of the frame is improved, an effect
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equivalent to the CO2 gas absorption effect of approximately 282,558–476,530 cedar trees
in Tokyo alone can be achieved. Region 6 includes many cities with a high population
density, such as Tokyo and Osaka; therefore, it is expected that PVC frames can significantly
contribute to the reduction of greenhouse gas emissions, especially in areas such as region 6,
which has a high population density and a large amount of new housing.

In region 7, the hottest region, CO2 emissions of approximately 491.89 CO2 and
813.87 CO2 can be reduced under the conditions of Alternatives 1 and 2, respectively.
In conclusion, in region 7, the CO2 absorption is equivalent to 35.135 and 58.133 cedar
trees, accounting for a relatively high rate of the total CO2 emission reduction in the area
(approximately 10.30–10.72%).

In all of the regions, it was confirmed that CO2 gas emissions could be reduced by
approximately 3.98% and 6.85% following the implementation of Alternatives 1 and 2,
respectively (Figure 5h), corresponding to CO2 absorption by 327,743 and 564,416 cedar
trees, respectively. This confirms that changing the material of the window frame has a
significant energy-saving impact, and a considerable amount of energy can be saved at the
city scale.

5. Conclusions

This study examined the potential consequences of global warming on the energy
performance of window frames in seven cities in Japan. The U-value of window frames was
simulated according to the frame material: aluminum, composite (aluminum and PVC), and
PVC. This study suggests the energy-saving effect of increasing the thermal performance
of window frames at the city scale. The main results of this study are as follows:

(1) The U-values of different window frames were calculated using a two-dimensional
simulation, and the heat-loss characteristics of the envelope were analyzed. The U-values
of the PVC, composite, and aluminum frames were 1.88 W/m2·K, 5.32 W/m2·K, and
8.78 W/m2·K, respectively.

(2) The impact of the window frame material on only the annual energy consumption
varied from approximately 0.11% to 3.55%, depending on the region. On a regional average,
the annual energy consumption decreased by approximately 0.75%. Consequently, if the
composite frame was used instead of the aluminum frame, the reduction amount was
1.04–9.54 kg of CO2 per household per year. Reductions of 14.02–42.01 kg of CO2 could be
achieved following the application of a PVC frame instead of an aluminum frame. When
the window frame was changed to PVC, a greenhouse gas reduction effect was observed
to be equivalent to the amount of CO2 gas absorbed by 1–3 cedar trees per household for
one year.

(3) CO2 gas emissions can be reduced by approximately 3.98–6.85% through the
application of PVC frames in seven regions of Japan. If the reduction rate is converted to
the amount of CO2 gas absorbed by cedar, the absorption effect corresponds to 327,743 and
564,416 cedar trees. This confirms that changing the material of the window frame has a
significant energy-saving impact, and a considerable amount of energy can be saved at the
city scale.

(4) Even in areas where PVC frames are already used commonly, the city-level energy-
saving effect is proportional to the number of new houses. Tokyo is one such area, and the
energy-saving rate in Tokyo accounts for approximately 85% of all examined regions. This
necessitates the continuous improvement of the insulation of window configurations, even
in regions or countries that have already adopted numerous PVC frames.

The results of this study may provide a basis for predicting the future energy-saving
potential of countries targeting the dealumination of windows. In addition, related studies
and national policymakers can use our research methods as references. Research studies
related to energy-efficient retrofits can refer to the effects of the window configurations
reported here.

It is worth noting that this study analyzed only approximately 17.2% of all new
housing units in Japan. Therefore, for accurate analysis and practical application, it is
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necessary to conduct analyses of all new housing units in Japan. This limitation will be
addressed in future studies.
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