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ABSTRACT

Keywords: Exterior window glass, air conditioning energy consumption, thermal comfort, full

scale experiment

In the 21st century, natural resources are increasingly being depleted, motivating people
to realize the importance of building energy efficiency. The thermal losses due to a building’s
exterior windows and the consequent energy consumptions for air conditioning, heating and
lighting account for more than half of the energy consumption of buildings. Exterior windows
are the main path of interaction between the outdoor and indoor environments. Solar light
enters through exterior windows, providing natural light; while thermal energy through the
exterior window via heat radiation. Solar light and thermal energy not only increase the energy
consumption of air conditioning in a building, but at the same time can seriously affect the
thermal comfort of a building’s indoor environment. Solar radiation heat is the main reason for
the huge air-conditioning energy consumption and poor indoor thermal environment of many
buildings. Therefore, this study explores the thermal and optical properties of exterior
windows; and further analyzes the influences of a building’s exterior windows on indoor
lighting, thermal environment and energy consumption of air conditioning, etc. The findings

are used to determine a selection strategy for building exterior windows.

The research method of this study was divided into two parts, a full-scale test and
computer simulation. During the full-scale experimental tests, six container houses were
selected for data collection, installed with thermometers, hygrometers, illuminometers and
other research equipment. During the official experimental test, the window glass of the
experimental houses was removed and replaced with monolayer tinted glass, monolayer
color-changing glass, dual-layer tinted glass, dual-layer reflective glass and dual-layer low
emissivity (low-e) glass for long-term testing in full-scale experiments of the light

environment, thermal environment and air conditioning requirements.
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For computer simulation, the software used was EnergyPlus. EnergyPlus is a new
generation building energy simulation software. The building model selected was used for
energy consumption analysis of a typical office plan. With a square plane of 35mx35m and a
floor height of 3.0m, the building energy efficiency evaluation model was established based on
indoor thermal comfort. Taking an office building as an example, the influences of the solar
heat gain coefficient (SHGC) of different glasses on indoor thermal comfort and building

energy consumption was analyzed.

The aim of this study was to investigate the influences of different glass applications on
the energy consumption of air conditioning, and building indoor environment. After
conducting the real-life data collection in the experimental houses of the Architecture and
Building Research Institute, Ministry of the Interior, located in the Guiren District in Tainan

City, relevant computer simulations were executed. The study revealed the following:

1. Using monolayer clear glass as a comparative benchmark, the energy-saving
effects of monolayer color-tinted glass, monolayer color-changing glass,
dual-layer color-tinted glasses, dual-layer reflective glass and dual-layer low-e
glass during the period of experimental analysis were 7%, 4%, 33%, 62%, and
57%, respectively. As revealed by the results, the dual-layer micro-reflective
glasses and the dual-layer low-e glass have the best energy-saving effects.

2. The experimental results indicate that the 5 experimental houses have almost no
overheating problems near the window area. It is more worth noting that the
minimum values of the predicted mean vote (PMV) for these five experimental
houses are -0.69, -0.87, -0.75, -0.87 and -0.74 respectively. These numbers were
just about right at the acceptable lower limit of PMV = -0.75. Except for the house
with the installation of transparent glass, the other 5 experimental houses all have

the lower limit below -0.75. This also proves again that except for the monolayer
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transparent glass, the desired air-conditioning temperature of other experimental
houses can be increased to save energy consumption.

In terms of the predicted percentage of dissatisfied (PPD), the highest measured
value was 57%. During the period of experimental observation, PPD lay in the
range of 52% -12%. For the remaining 1/4 of the time, PPD <12%. In summary,
the PPD of the experimental house installed with monolayer transparent glass
exceeded 20% above the acceptable limit during almost 3/4 of the experimental
observation time, the corresponding PMV also exceeded +1.0.

When using glasses with lower SHGC, changes to the window area cause only
small changes to the air-conditioning sensible heat load, the overheating hours and
the difference in range of overheating severity. In contrast, when using glasses
with higher SHGC, changes to the window area result in significant changes to the
air-conditioning sensible heat load, the overheating hours and the difference in
range of overheating severity. Taking SHGC = 0.1 as an example, when the
window area ratio expands from 0.33 to 0.67, the variation of air conditioning
sensible heat load differs 4.5 MJ/m?, and the overheating severity differs by
227°C-h. When using glass with SHGC = 0.8, the range of air-conditioning
sensible heat load expands from 4.5 MJ/m? to 109.1 MJ/m?, and the overheating
severity expands from 30 °C -h to 2920 °C -h.

The changing trend of building energy consumption appears to be linear overall.
Under the same window-wall-ratio, even with a different SHGC, the
air-conditioning sensible heat load is almost the same as the slope of set indoor
temperature changes. When the window-wall-ratio = 0.33, the slope is -14.1

MJ/m?-°C. This means that for every 1 °C decrease in the set temperature, during
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the air-conditioning season from April to November, the air-conditioning sensible
heat load will increase by 14.1 MJ per unit square meter of floor area of the model
building. When the window-wall-ratio = 0.50, the slope is -16.9MJ/m?-"C; when
the window-wall-ratio = 0.67, the slope is -19.5MJ/m2-°C.. It can be observed that
with a larger window-wall-ratio, the slope will also have a greater magnitude,
which means that when the open window is larger, lowering the set indoor
temperature will lead to more energy consumption for cooling air. When the
designated temperature of air-conditioning is lower, the building’s energy
consumption is relatively higher, but the time of discomfort is relatively shorter.
According to the research findings, this study focused on the legalization of
administrative inspection on business by entrusting civil handling and processing, and
proposed the following specific recommendations. Below are, respectively, an immediate and

feasible recommendation, and a middle-to-long-term recommendation.

The outcomes of this study have the benefits of promotion: It is recommended that relevant
seminars or conferences include topics related to energy-savings from window glass, and

strengthen relevant publicity; this is an immediate and feasible recommendation.
Organized by: Architecture and Building Research Institute, Ministry of the Interior

Co — organized by: Taiwan Architecture & Building Center

Window glass with poor thermal performance will introduce more solar emissivity. The
research outcomes reveal that thermal radiation not only increases the building’s energy
consumption for air conditioning, but also, will cause a reduction in indoor thermal comfort.
In order to improve indoor thermal comfort, the indoor temperature must be lowered to make
rooms for complement measures, which yet indirectly cause the energy consumption. This

study conducted an analysis and discussion on six different types of glasses. The result
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described above can be used as a reference when citizens of Taiwan are purchasing window

glass. It is recommended to promote the relevance of these findings publicity.

It is recommended that the rating system of Green Building Material considers whether
to include non-traditional glasses, such as filmed glass, photochromic glass and
electrochromic glass, into the existing benchmarks for assessment, or draft an assessment

benchmark when necessary: Medium-to-long-term recommendation
Organized by: Taiwan Architecture & Building Center

Co-organized by: Architecture and Building Research Institute, Ministry of the Interior

The current rating system of Green Building Material already has a benchmark for
energy-saving glass, which focuses on the visible light transmittance, visible light reflectivity
and shielding coefficient for evaluation. Yet, a vast majority of glasses in window
applications are multi-layer low-e glasses. As for filmed glass, photochromic glass,
electrochromic glass and so on, whether these glasses can be included in the scope of the
assessment or if the current benchmark is applicable; there is no clear provisions. It is
recommended that the rating system of Green Building Material deliberates in relevant
meetings, so that it prompts the inclusion of more types of glass material in the rating system

of Green Building Material.
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22

yr R FyHIR

AR 05/12-08/02 i Fifh B cng S % o 4 05/12-08/02 39 FF chs p #h § i
R Ao A1 4257 o 2 41 RE T FRY FLIER  HIE A o R A
PIE PR E QD T G koA s Mol 0 aA g A E o

% 4'1?:%#}’}?(’]‘% ERenE p ‘3#_‘.:;_1_&@;

2ER C kR Rk C EIER % B B KWH/m’

p iy BB B Iis i3 b I35 =B ALY Tia | &B B 14 I3is

5/12 | 43.3 24.1 31.5 33.7 24.6 28.6 93.5 59.4 | 78.3 1952.3| 123.2 | 596.6

5/13 | 42.3 25.8 31.8 33.9 26.3 29.3 85.0 58.7 | 74.8 | 885.8| 125.3 | 622.7

5/14 | 40.0 25.6 31.6 32.7 26.1 29.1 84.4 66.8 | 77.0 | 821.5| 57.2 522.9

5/15 | 42.5 26.1 33.1 33.4 26.2 29.8 85.6 60.6 | 73.1 |949.3| 147.2 | 617.0

5/16 31.2 22.8 29.0 31.2 22.9 21.3 84.3 68.5 | 77.6 | 671.1| 85.2 374.7

5/17 | 42.6 21.5 28.1 32.2 21.5 25.5 85.4 59.4 | 75.3 | 887.7| 117.8 | 562.5

5/18 | 40.3 21.3 29.3 32.5 21.6 26.7 88.2 60.6 | 76.3 | 927.8| 137.3 | 620.8

5/19 | 41.9 23.7 31.5 33.2 24.0 28.4 92.3 54.1 | 74.0 [ 938.3| 79.9 617.3

5/20 | 40.1 25.3 30.3 32.2 26.0 28.5 86.3 67.2 | 77.8 | 564.3 | 73.2 326.0

5/21 217.6 24.4 26.0 217.4 25.2 26.4 96. 1 83.0 | 89.8 | 128.0| 21.0 82.7

5/22 35.8 24.3 28.1 30.7 24.7 26.9 98.3 74.6 | 86.9 | 545.2 7.5 265.5

5/23 38.6 24.4 29.8 31.5 24.9 217.6 99.3 72.6 | 87.6 | 721.9 | 61.6 380. 4

5/24 | 38.5 25.0 29.5 31.5 25.7 217.8 98.6 77.4 | 89.6 | 635.4 | 138.5 | 345.6

5/25 | 41.2 25.6 32.0 33.0 26.1 29.3 93.7 65.3 | 79.5 | 893.1| 142.8 | 602.3

5/26 | 40.3 26.1 33.1 33.7 26.6 30.4 88.8 61.9 | 75.1 | 953.0| 123.3 | 640.8

5/27 | 41.7 27.5 34.2 35.4 27.8 31.5 | 86.6 | 55.7 | 71.4 [1009.1| 175.3 | T708.6

5/28 | 40.1 28.0 33.5 33.9 28.2 31.0 | 87.1 63.2 | 74.8 [ 998.2 | 163.3 | 703.1

5/29 | 40.6 28.2 33.1 33.5 28.5 30.6 | 88.2 | 69.8 | 80.3 | 931.0| 139.9 | 606.4

5/30 | 4l1.1 28.2 33.4 33.6 28.5 30.7 89.4 70.6 | 81.3 [1009.1| 536.3 | 733.8

5/31 41.9 27.5 33.9 33.5 28.4 31.0 91.0 68.7 | 78.4 |1041.7| 173.7 | 694.6

6/1 40.5 28.1 33.6 34.0 28.6 30.9 88.1 65.5 | 78.1 |986.7| 155.9 | 645.2

6/2 40.3 27.6 32.1 33.3 28.3 30.3 88.4 72.0 | 81.8 | 804.0 | 116.8 | 473.7
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6/3 42.0 21.0 33.1 34.6 27.9 | 30.7 93.1 | 64.3 | 81.0 1002.5 | 168.3 | 672.9

6/4 41.1 28.2 33.8 33.8 28.6 31.0 89.4 | 69.3 | T79.7 886. 2 174.8 | 583.5

6/5 41.9 24.6 32.2 34.2 25.3 29.8 94.5 | 65.4 | 81.9 924.1 67.3 | 523.9

6/6 39.7 26.0 31.0 32.1 26.4 29.1 91.5 | 73.4 | 81.8 844.8 100.6 | 406.6

6/7 42.3 25.7 32.5 33.3 26.3 29.7 94.5 | 65.6 | 79.4 941. 8 150.7 | 497.3

6/8 41.8 26.1 32.1 33.3 26.5 29.4 91.5 | 68.3 | 81.0 930. 3 87.8 | 589.1

6/9 40.5 25.0 30.2 32.1 25.4 28.4 96.3 | 71.8 | 85.0 634.1 102.4 | 387.5

6/10 26.9 24.3 25.5 27.0 24.6 | 25.7 99.8 | 89.3 | 95.3 155. 4 62.9 | 111.8

6/11 26.0 23.8 24.9 26.1 24.3 | 25.1 |100.0| 89.6 | 97.1 142.8 2.4 65.6

6/12 | 35.5 24.0 26.5 29.9 24.5 | 26.2 99.8 | 83.2 | 94.4 435.8 44.3 | 109.2

6/13 | 28.3 23.8 25.1 28.3 | 23.7 | 25.3 |100.0| 90.2 | 96.0 164.8 5.6 51.6

6/14 38.4 24.5 30. 4 32.4 24.8 | 28.5 97.2 | 76.5 | 87.5 T75.3 162.7 | 455.0

6/15 39.9 25.7 31.4 32.9 26.1 29.4 97.0 | 73.4 | 86.4 812.7 140.5 | 554.9

6/16 40.4 26.5 32.0 33.2 26.8 29.9 95.0 | 72.3 | 84.5 1016. 1 174.4 | 616.9

6/17 39.7 27.0 33.0 33.3 21.5 30.4 91.7 | 71.9 | 81.6 1027.7 | 161.9 | 639.1

6/18 41.1 21.2 33.6 34.0 27.6 30.8 90.2 | 68.5 | T79.6 1021.3 | 216.0 | T711.8

6/19 41.5 27.9 31.6 29.8 28.2 29.9 88.4 | 80.3 | 80.6 26.5 13.8 | 378.6

6/20 43.1 26.0 32.6 34.5 26.5 29.8 85.0 | 66.4 | 76.4 849.2 48.2 | 482.1

6/21 42.8 26.5 33.3 34.8 26.7 30.5 83.7 | 61.7 | T76.1 893.5 68.2 | 580.6

6/22 42.1 28.3 34.5 34.6 28.4 31.4 88.1 | 60.6 | 76.8 991. 6 202.2 | 673.3

6/23 41.5 21.8 33.4 34.5 28.3 31.0 89.2 | 65.3 | T8.8 999. 2 36.3 | 633.1

6/24 41.0 21.1 33.7 34.4 21.7 31.1 84.3 | 66.5 | 76.4 1017.1 86.0 | 690.0

6/25 40.3 28.1 34.2 34.3 28.5 31.5 87.7 | 68.7 | T78.0 1024.6 | 216.3 | 667.7

6/26 41.5 28.3 33.6 34.7 28.6 31.3 88.7 | 63.8 | T78.0 965. 8 53.8 | 581.1

6/27 44.1 21.8 34.8 35.1 28.3 31.7 86.6 | 64.5 | T4.9 945.2 56.6 | 589.5

6/28 | 41.5 28.6 34.1 35.5 29.1 32.0 84.3 | 57.8 | 172.5 1030. 3 93.8 | 605.7

6/29 | 41.4 28.0 33.8 | 34.7 | 28.5 | 31.5 82.7 | 62.9 | 4.2 929.5 170.3 | 623.8

6730 | 40.9 28.1 33.8 | 34.1 28.3 | 3l.1 87.1 | 64.9 | 76.0 1007.2 | 290.0 | 660.1

/1 42.4 27.1 33.8 34.3 28.1 31.1 82.4 | 64.2 | T5.0 900. 1 176.3 | 549.8
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24-12%PFFiERnE p AP EEGD

2iER C ckE R C R % B & KWH/m’

CIETIN I Bt | T | B | B | T | hF B | Tm | A3 Bt | T

/5 38.8 26.8 | 32.7 | 34.2 | 27.1 | 31.0 | 86.8 62. 2 72.9 669. 3 158.7 | 391.1

/6 42.3 28.1 34.0 | 34.6 | 28.8 | 31.5 | 86.4 62.8 4.7 | 1004.8 29.6 | 610.4

/7 42.4 21.7 33.1 | 34.3 | 28.1 | 30.9 | 85.8 63.9 76.0 664. 6 75.9 | 444.3

/8 29.0 24.9 26.5 | 29.2 | 25.1 | 26.9 | 100.0 82.5 94.0 212.8 7.8 55.0

/9 33.9 25.8 28.0 | 30.0 | 26.4 | 27.8 | 98.2 84.6 93.4 552.2 5.7 214.2

/10 30.7 24.5 27.3 | 28.8 | 24.9 | 27.0 | 99.5 89.2 94.6 286. 2 29.1 138.6

/11 30.2 24.5 25.9 | 27.5 | 24.5 | 25.8 | 100.0 94.3 98.1 225.8 6.3 35.6

/12 | 36.3 24.9 28.1 | 30.7 | 25.2 | 27.0 | 99.9 81.5 94.1 632. 2 T1.8 | 309.1

/13 | ALT 25.1 32.3 | 33.8 | 25.4 | 29.6 | 97.2 64.9 80.8 995. 7 150.5 | 630.1

/14 | 40.8 27.2 33.4 | 33.6 | 27.5 | 30.6 | 91.6 68.8 80.0 | 1040.5 179.7 | 700.9

/15 | 42.4 27.7 | 33.4 | 34.1 | 28.4 | 30.7 | 88.8 68. 4 80.3 | 1064.4 136.8 | 594.2

/16 | 42.4 27.6 34.2 | 34.7 | 27.9 | 31.3 | 91.9 65.9 79.0 968. 5 193.5 | 655.9

/17 | 41.2 28.5 33.1 | 33.6 | 29.0 | 30.9 | 88.2 70.8 80.2 883.7 69.0 | 506.5

/18 | 41.5 26.4 32.4 | 34.0 | 26.6 | 29.8 | 85.5 62.4 11.3 887.3 58.9 | 600.4

/19 | 40.5 27.1 32.4 | 33.4 | 27.3 | 30.1 | 80.1 66. 8 4.7 950. 2 61.9 | 470.3

/20 41.2 26.9 34.0 | 34.1 | 27.4 | 30.9 | 82.6 65.9 4.5 913.2 150.1 | 619.4

/21 43.5 27.5 34.5 | 34.8 | 27.9 | 31.4 | 86.9 61.5 3.7 927.9 177.8 | 642.5

/22 | ALT 28.1 34.2 | 34.5 | 28.6 | 31.4 | 86.5 55.9 73.0 861.0 294.7 | 599.5

/23 | 42.6 26.9 34.1 | 34.4 | 27.4 | 31.1 | 80.2 60. 6 T1.4 | 1063.3 196.8 | 703.0

/24 | 42.2 28.3 34.3 | 34.3 | 28.5 | 31.5 | 83.0 65.0 73.8 989. 6 207.5 | 658.6

/25 | 40.6 29.4 33.9 | 34.6 | 29.4 | 31.7 | 84.0 57.0 69.6 948. 1 155.7 | 627.9

/26 | 43.2 28.7 34.8 | 35.6 | 29.1 | 31.9 | 83.2 52.1 69.5 1035.3 162.2 | 692.5

/27T | 43.8 27.9 34.7 | 35.1 | 28.2 | 31.6 | 82.0 61.8 72.8 1042.0 188.7 | 704.2

/28 | 4ALT 21.2 33.8 | 34.1 | 27.7 | 31.0 | 84.4 67.4 75.8 974.8 191.1 | 644.3

/29 | 42.8 21.7 33.4 | 34.8 | 28.0 | 30.9 | 84.1 63.4 74.8 1007.3 20.8 | 643.1

7/30 | 40.6 26.4 | 32.4 | 34.1 | 27.2 | 30.3 | 92.5 65.1 76.7 991. 4 23.3 | 582.2

7/31 45.2 26.3 33.2 | 35.3 | 27.1 | 30.4 | 93.6 61.8 81.1 807.3 15.9 | 544.8

8/1 33.2 26.5 29.1 | 29.6 | 27.1 | 28.4 | 94.6 73.5 86.0 354.5 103.3 | 221.7

8/2 40.9 26.5 33.3 | 34.6 | 26.7 | 30.7 | 86.9 54.3 73.6 989.9 172.8 | 684.0

(FHRRXR: 22T RE)
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