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Currently, many researches of polymer and polymer-based
materials have been showing a lot of valuable applications in
industry fields such as the building sector. Also buildings are
the major energy consumers and account for as much as 45%
of global energy consumption. So the passive control system
in the building environment with a high energy saving poten-
tial has become increasingly important. Recently, the use of
thermal energy storage with phase change material (PCM)
is considered to be one of the most important advanced
technologies, and a lot of attention has been paid to utilization
of the essential techniques for thermal applications, ranging
from heating to cooling in buildings. The thermal energy
storage system in the building can smooth temperature
fluctuations, and such storage can be implemented by sensible
heat, or latent heat utilization. Latent heat storage enables
the passive control of the temperature in buildings. This
special issue encompasses research papers addressing recent
advances on composites for passive control system of build-
ings.

Articles presented in this special issue are related to
composites and materials for passive control system of
buildings, thermal energy storage system in buildings, phase
change materials (PCM) combination with building materi-
als, composites based on renewable and sustainable materi-
als, advanced architectural renewable and sustainable tech-
nology, preparation of advanced composites and materials
for buildings, and advanced materials for energy-efficient
buildings. D. Lee et al. propose wood plastic composites
with UV stabilizer and nano-CaCO

3
and talc. M. S. Kim

and Y. H. Lee investigate the shear performance of concrete

plates with fiber-reinforced polymer. S. Baek and J. C. Park
propose a underfloor heating system with PCM for heating
energy savings. B.-E. Choi et al. numerically evaluate passive
energy conservation measures in buildings. S.-H. Kim et
al. develop the passive redirect lighting systems for the
improvement of the passive control of buildings. Finally, J.-
H. Song et al. empirically validate heat transfer performance
of graphite/PCM concrete materials for thermally activated
building system. We hope this special issue becomes a
platform for a wide range of professions to discuss recent
advances in polymer composites for passive control systems
of buildings.

Sumin Kim
Jae D. Chang
Geun Y. Yun

Sughwan Kim
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Wood plastic composites (WPCs) are increasingly being utilized these days due to their excellent mechanical properties and low
maintenance cost. Despite these advantages, poor UV resistance and low impact strength are drawbacks. To overcome these
shortcomings, coextrusion technology has recently been applied in the production of WPCs and it has been showing good
results. However, further research on the combination of different functional enhancements is still needed. This study, therefore,
manufactured polypropylene (PP) composites filled with UV stabilizer and inorganic fillers (i.e., nano-CaCO3 and talc) and then
investigated the influence of weathering on the mechanical and morphological properties of the filled composites as a function of
filler type and content. UV stabilizer effectively protected the filled composites from UV-induced photodegradation. At 2.5 wt%
nano-CaCO3 (NCC), the NCC particles were well dispersed in the PP matrix, thereby improving the mechanical properties of
the filled composites. The best results were observed in 2.5 wt% NCC and 10wt% talc hybrid filled composites. The composites
prepared by adding UV stabilizer to the PPmatrix together with NCC and talc exhibited high mechanical properties and improved
weathering resistance, and, thus, the combination of NCC, talc, and UV stabilizer in the PP matrix is applicable for shell layer to
be used in coextruded WPCs.

1. Introduction

Wood plastic composites (WPCs) have received a lot of
attention as they combine the properties of wood and
plastic. WPCs can be readily manufactured using wood
flour (WF) and thermoplastic resins such as polypropylene
(PP) and polyethylene (PE) through extrusion, injection,
and compression molding [1]. These composites are widely
used as nonstructural building materials such as decking,
fences, and window frames. Furthermore, the use of WPCs
in furniture and automotive industries has been steadily
increasing worldwide. Higher contents ofWF inWPCs led to
improved mechanical properties with lower thermal expan-
sion comparedwith conventional plastics, but theseWF filled
composites had disadvantages such as increased moisture
absorption percentage and low weathering resistance [2, 3].

To overcome these disadvantages, WPCs with a new
shape and structure need to be developed. Coextrusion is
a technique to produce optimized products having multi-
layered structures by connecting two or more extruders to
one coextrusion die. The coextrusion die combines molten
plastic layers with different properties into one form, thereby
producing new products. Recently, in the field of WPCs,
studies have been initiated on methods to improve their
performance by applying coextrusion technology for man-
ufacturing WPCs with improved characteristics. The coex-
truded WPCs are composed of a core layer and shell layers,
and these WPCs have been found to show better properties
than conventional WPCs as the surface has the shell layers
fabricated using thermoplastic resins and functional fillers
[4].

Hindawi
International Journal of Polymer Science
Volume 2017, Article ID 4512378, 9 pages
https://doi.org/10.1155/2017/4512378

https://doi.org/10.1155/2017/4512378


2 International Journal of Polymer Science

The shell layer of coextruded WPCs is made of ther-
moplastic resins such as PP and HDPE and this layer plays
an important role in influencing the properties of the entire
coextruded WPCs [5]. Coextruded WPCs with shell layers
made of pure thermoplastics exhibit higher hydrophobicity
than conventional WPCs, but they have low modulus and
high thermal expansion capacity [6].Therefore, many studies
have investigated ways to enhance the functionality of the
shell layer by adding fillers into it. One such example is
the use of CaCO3 particles to toughen the shell layer, and
it was found that the CaCO3 reinforced thermoplastics
had higher mechanical strengths than pure thermoplastic
[7]. This toughening was also observed when nanosize
CaCO3 particles were added, leading to enhancements in the
mechanical properties of WPCs, such as improved modulus
of elasticity (MOE), modulus of rupture (MOR), and impact
strength [8–10]. In addition, talc, inorganic plate-shaped
filler, has been used as an additive in WPCs to improve their
thermal and mechanical properties [11, 12]. Incorporating
both talc andCaCO3 into thermoplastic improved its physical
and thermal properties with better weathering resistance
compared with the weathering performances obtained by
adding only one of these fillers [13].

Thermoplastics such as PP are vulnerable to UV rays.
Natural weathering of thermoplastics is caused by the
generation of oxygen and light radiation, which is called
photooxidation. This photooxidation can produce carbonyl,
carboxyl, hydroxyl, and peroxide groups in the polymer.
The carbonyl groups in the deteriorated polymers promote
aldehyde and ketone carbonyl groups, which in turn promote
degradation. Commercial light stabilizers used for the pre-
vention of photooxidation of PP are classified into three types.
These are nickel compounds, 2-hydroxybenzophenone- or
hydroxyphenylbenztriazole-based UV absorbers (UVA), and
hindered amine light stabilizers (HALS). Among these addi-
tives, the use of low molecular weight HALS is most appro-
priate as light stabilizers in thermoplastics [14] as HALS has
excellent photostability due to its ability to reproduce nitroxyl
radicals [15].

The aim of this study is to investigate the effect of
nano-CaCO3 and talc on the weathering, mechanical and
morphological properties of PP composites with and without
HALS for shell layers used in coextruded WPCs.

2. Experimental

2.1. Materials. Polypropylene (PP), trade name HJ700, was
supplied by Hanwha Total Petrochemical Co. (S. Korea).
It has a melt index of 22 g/10min (230∘C/2.16 kg) and a
density of 0.91 g/cm3. Coupling agent, UV stabilizer, nano-
CaCO3, and talc were used as received. Maleic anhydride-
grafted polypropylene (MAPP), CM-1120H, was provided
by Lotte Chemical Co. (S. Korea) and used as a coupling
agent. The molecular weight, melt index, and maleic anhy-
dride ratio were 124,200 g/mol, 80 g/10min, and 0.5–1.0 wt%,
respectively. The UV stabilizer used was Tinuvin 770, which
was supplied by BASF (Germany). Tinuvin 770 is a typical
HALS UV stabilizer with a molecular weight of 481 g/mol.

Table 1: Formulation ratios of various PP composites.

Specimen Composition based on weight (%)
PP Tinuvin 770 MAPP Nano-CaCO3 Talc

PP 100 — — — —
Control 97.5 0.5 2 — —
N2.5 95 0.5 2 2.5 —
N5 92.5 0.5 2 5 —
N10 87.5 0.5 2 10 —
N15 82.5 0.5 2 15 —
T10 87.5 0.5 2 — 10
T10-N2.5 85 0.5 2 2.5 10
T10-N5 82.5 0.5 2 5 10
T10-N10 77.5 0.5 2 10 10
T10-N15 72.5 0.5 2 15 10

Nano-CaCO3 (NCC) of approximately 40 nm was purchased
from Dongho Calcium Co. (S. Korea). Talc, KC-5000C, was
purchased fromKochCo. (S. Korea), with a specific gravity of
2.58–3.83. Its degree of whiteness and particle size were 97.5%
and 3.5 𝜇m, respectively.

2.2. Preparation of Composites. Raw materials were placed
into an 11mm twin-screw extruder (Bautek Co., S. Korea)
with L/D ratio of 40 and six temperature zones. The tem-
perature zones of the extruder were 165, 165, 170, 170, 160,
and 120∘C, respectively. The compounded and extruded raw
materials were pelletized using a pelletizer (Bautek Co., S.
Korea). The prepared pellets were then fed into a BOY
12M injection molding machine (Dr. Boy GmbH & Co. KG,
Germany) to produce specimens. The barrel temperatures
of the injection molding machine were 175, 170, 165, and
120∘C. 11 types of composite specimens were prepared by
varying the amount of NCC contents, talc, and UV stabilizer.
Formulation ratios of the PP-based composites are shown in
Table 1.

2.3. Mechanical Property. Three mechanical properties were
investigated. Tensile and flexural strengths were tested using
a Universal Testing Machine (Zwick Testing Machine Ltd.,
UK) according to ASTMD638 andASTMD790, respectively.
Test results were obtained from the average of the measure-
ments of five specimens. Izod impact strength was tested
using a DTI-602B digital impact test machine (Dae-Kyung
Technology, S. Korea) according to ASTMD256. Mechanical
tests were conducted after accelerated weathering described
in Section 2.5.

2.4. Morphological Property. After the Izod impact strength
test, the fractured and UV-exposed surfaces of the specimens
were observed using a JSM-7401F (Jeol Ltd., Japan) field emis-
sion scanning electron microscope (FE-SEM) at acceleration
voltages of 5 kV or 10 kV.

2.5. Color Change Property. Accelerated weathering tests
were conducted to test the UV stability of materials using
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Figure 1: Impact strength of pure PP, control, and PP-based composites depending on accelerated weathering time: (a) NCC-only; (b) NCC-
Talc.

an ATLAS Ci 3000+ xenon arc UV exposure system (AME-
TEK Co., USA) according to ASTM D2565. The equipment
has a nozzle for spraying water and UV light sources, and
the composite specimens were rotated at 1 rpm within it.
Irradiance, humidity, and temperature of the test chamber
were maintained at 0.35W/m2, 50%, and 42∘C, respectively.
UV exposure times were 250, 500, and 1,000 h. After each
exposure time, color changes and mechanical properties of
the composites were analyzed. The lightness, 𝐿∗, and chro-
maticity coordinates (𝑎∗ and 𝑏∗) were measured using CM-
700d of Konica-Minolta Co., and the total color difference
(Δ𝐸∗𝑎𝑏) was obtained using the following equation:

Δ𝐸∗𝑎𝑏 = √(𝐿𝑓 − 𝐿 𝑖)2 + (𝑎𝑓 − 𝑎𝑖)2 + (𝑏𝑓 − 𝑏𝑖)2, (1)

where 𝐿𝑓, 𝑎𝑓, and 𝑏𝑓 are the lightness and chromaticity
coordinates after the UV exposure, respectively, and 𝐿 𝑖, 𝑎𝑖,
and 𝑏𝑖 are the lightness and chromaticity coordinates before
the UV exposure, respectively.

3. Results and Discussion

3.1. Mechanical Property. The impact strengths of the com-
posites before and after accelerated weathering tests are
observed in Figure 1. The impact strengths of the composites
containing 2.5 wt% NCC were highest regardless of weath-
ering. The impact strength values decreased slightly as the
NCC contents increased. Since the NCC particles are very
small sizes (average 40 nm), toughening could be obtained
when these nanoparticles were evenly dispersed in composite
materials, thereby improving impact strengths [7, 9, 10].
However, the addition of large amounts of NCC in the com-
posite makes its dispersion difficult [8]. In the case of NCC-
talc hybrid filled composites, the highest impact strength
was obtained at 10 wt% talc filled composites. Namely, the

addition of NCC decreased impact strength values. Thus, we
believe that the incorporation of NCC together with talc into
PP matrix makes NCC dispersion more difficult compared
with NCC only [10, 16]. After 250, 500, and 1,000 h of accel-
erated weathering tests, impact strength values of the whole
composites seemed to decrease; this decrease was especially
pronounced for pure PP. This is because PP, vulnerable to
UV light, is affected by moisture and photooxidation during
accelerated weathering, which results in the cleaving of its
polymer chains. In contrast, the composite withUV stabilizer
had a lower rate of degradation than pure PP because the
UV stabilizer inhibits the formation of hyperoxide group and
ketone group, which are photoinitiators of PP, through the
reprocessing of nitroxyl radicals [14, 15]. Talc and NCC-talc
hybrid filled composites showed smaller reduction rates com-
pared with NCC-only filled composites in impact strengths,
as accelerated weathering times were longer as shown in
Figure 1(b). From the above results, it can be seen that
the plate-shaped talc had a significant effect in maintaining
the impact strength of the composites even after a long
period of accelerated weathering and it acted as an effective
functional filler like NCC by preventing decrease in strength
[17].

The tensile strength of each composite with different
formulation ratios was evaluated as a function of the accel-
erated weathering test time. Similar to the results of the
impact strength, the highest tensile strength was observed
in the 2.5 wt% NCC filled composite. However, as the NCC
contents increased, the tensile strength decreased; this is
probably because when stress was applied during the tensile
test, voids were formed around the NCC particles in the
composite, which had an unfavorable effect on the strength
of the composite, thereby resulting in a decrease in the tensile
strength. The incorporation of talc into composites resulted
in a higher tensile strength than the composites containing
NCC only. This is because the plate-like talc particles acted
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Figure 2: Tensile strength of pure PP, control, PP-based composites depending on accelerated weathering time: (a) NCC-only; (b) NCC-Talc.
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Figure 3: Flexural strength of pure PP, control, and PP-based composites depending on accelerated weathering time: (a) NCC-only; (b)
NCC-Talc.

as the main reinforcing filler, which makes it more difficult
to debond the PP matrix during the tensile test [16, 18].
The tensile strength of NCC-talc hybrid filled composites
also tended to decrease as the NCC contents increased.
This is because of the result aforementioned about voids
around NCC. After 1,000 h of accelerated weathering, tensile
strength showed reduced features compared with the tensile
strength values before weathering as shown in Figure 2. The
highest decrease of tensile strength was observed in pure PP
because it was photooxidized by UV light. Among NCC-
only filled composites, decreasing rates of impact strength in
specimens were higher in 10 or 15 wt%NCC filled composites
comparedwith 2.5 or 5wt%NCCfilled composites. However,

the composites containing talc showed a low decreasing rate
even after 1,000 h of accelerated weathering. It is believed that
inside plate-shaped talc particles effectively protected the talc
filled composites from UV light [19].

Figures 3 and 4 show the flexural strength and flexural
modulus of various composites, respectively. Unlike the
impact strength and tensile strength, significant increases
in flexural strength were not observed in NCC-only filled
composites regardless of NCC content. However, we found
remarkable increases in flexural strength of the talc filled
composites compared with NCC-only filled composites.
This is probably because the orientation of talc in longi-
tudinal direction during the molding process led to large



International Journal of Polymer Science 5

0

1

2

3

4

5

6
Fl

ex
ur

al
 m

od
ul

us
 (G

Pa
)

PP N2.5 N5 N10 N15Control
Specimen

0 h
250 h

500 h
1,000 h

(a)

-N2.5 -N5 -N10 -N15
T10T10Control T10 T10 T10PP

Specimen
0 h
250 h

500 h
1,000 h

0

1

2

3

4

5

6

Fl
ex

ur
al

 m
od

ul
us

 (G
Pa

)

(b)

Figure 4: Flexural modulus of pure PP, control, and PP-based composites depending on accelerated weathering time: (a) NCC-only; (b)
NCC-Talc.

improvement in the bending strength. Besides, as the accel-
erated weathering proceeded to 1,000 h, flexural strength of
pure PP significantly decreased, but there were relatively
small differences in the flexural strength of the composites
containing UV stabilizer. Numbers of cracks were noticeably
observed on the surface of pure PP as shown in the SEM
images of Figure 6(a), which is differentiated form Figure 5
and this degradation phenomenon was caused by UV-
induced photooxidation. On the other hand, the UV stabi-
lizer have little effect on the surface morphology of 15 wt%
NCC-only or 15 wt% NCC and 10wt% talc hybrid filled
composites showing a certain degree of cracks observed in
Figures 6(d) or 6(f). After 1,000 h of accelerated weathering,
the composites with 5wt% or more NCC contents showed
a drastic decrease in their flexural strength. This is believed
to be caused by the aggregations of the NCC particles [19].
Also, as shown in Figure 4(b), flexuralmodulus of talc filled or
NCC-talc hybrid filled composites were noticeably increased
than pure PP and control without fillers. This is because the
fillers were stiffer than PP, thereby improving the stiffness of
the composites [17].

3.2. Morphological Property. Figure 7 shows SEM images
of fracture surface of various NCC and NCC-talc hybrid
filled composites. From the SEM images, it could be seen
that the higher the NCC contents in the composites, the
less the NCC particles dispersed. Therefore, we believe that
adding small amount of NCC into PP composites, such as
2.5 wt%, is more effective in improving the performance of
the composites compared with adding large amount of NCC
into the PP composites. As the NCC content of the compos-
ites became higher than 2.5 wt%, NCC nanoparticles began
aggregating more. Also, it can be seen that the orientation
of talc particles in impact specimen was more pronounced
for the longitudinal direction and the talc orientation

seemed to play a major role in improving the impact
strength.

The surfaces of tensile specimen were photographed so as
to observe the surface changes of the composite both before
and after accelerated weathering test. In Figure 6, the pure
PP specimen clearly showed numbers of large cracks caused
by moisture and UV light. However, the UV stabilizer was
effective in protecting the composites against moisture and
UV; therefore, the surface changes of these composites were
greatly reduced compared with that of pure PP. But after
1,000 h of UV exposure, the specimens containing 15wt%
NCC showed cracks on the surface regardless of the presence
of talc. The cracks could be associated with the decrease in
the flexural strength of the composites containing more than
2.5 wt% NCC.

3.3. Color Change Property. To determine the color changes
of composites before and after accelerated weathering, the
color values of two specimens were measured using a col-
orimeter. 𝐿∗, 𝑎∗, and 𝑏∗ values were obtained from the
𝐿∗𝑎∗𝑏∗, which is a color value calculation method recom-
mended by the International Commission on Illumination
(CIE). The 𝐿∗ value is expressed as a value from 0 to 100, and
the brightness is represented by 𝑎∗ and 𝑏∗, which indicates
saturation and is represented by a value from −128 to 127.
The 𝑎∗ value indicates red in the positive direction and
green in the negative direction, and the 𝑏∗ value indicates
yellow in the positive direction and blue in the negative
direction.The color change values after 1,000 h of accelerated
weathering are shown in Table 2.The higher filler contents of
the composites resulted in a greater overall brightness of the
composites. The composites were more blue and green when
the higher amounts of NCC particles were incorporated into



6 International Journal of Polymer Science
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Figure 5: SEM images of pure PP, control, NCC-only, and NCC-talc hybrid filled PP-based composites before accelerated weathering test.

the composites. Also, when the talc was further added to the
composites, the color changes were smaller than NCC-only
filled composites.

The value of Δ𝐸∗𝑎𝑏, which is an index of the change in
color, can be obtained using (1) aforementioned in the exper-
imental test method. The degree in the color difference was
classified by referring to the US National Bureau Standard
Unit 6.0 [20] (Table 3). The color differences in the pure PP
after 250, 500, and 1,000 h of weathering show high values of
3 or greater unlike the composites containing UV stabilizer,

as can be seen in Figure 8. The UV stabilizer prevented the
photooxidation of PP in the composite. The color difference
value of the control specimen was less than 1.5 after 1,000 h
of accelerated weathering. As the NCC contents increased,
the color difference value increased over time. However, the
composites containing both talc andNCC exhibited a smaller
color change than the composites containing NCC only after
1,000 h of accelerated weathering. This is because the plate-
shaped talc mitigated photodegradations of PP matrix and
NCC-talc hybrid filled composites were more resistant to
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(a) PP (b) Control

(c) N2.5 (d) N15
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Figure 6: SEM images of pure PP, control, NCC-only, and NCC-talc hybrid filled PP-based composites after 1,000 hours of accelerated
weathering test.

the UV irradiation than the NCC-only filled composites
[17].

4. Conclusions

The properties of PP-based composites were evaluated by
adding NCC and talc as fillers. 2.5 wt% NCC filled PP

composite showed the highest impact strength and also,
the incorporation of plate-shaped talc particles signifi-
cantly improved flexural properties. The composites with
UV stabilizer showed higher weathering resistance after
accelerated weathering and we confirmed that the UV stabi-
lizer effectively prevented the deterioration of themechanical
properties of the composite materials. NCC-talc hybrid
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(a) Control (b) N2.5 (c) N10

(d) N15 (e) T10 (f) T10-N2.5

(g) T10-N10 (h) T10-N15

Figure 7: SEM images of control, NCC-only, and NCC-talc hybrid filled PP-based composites.

Table 2: Color changes after 1,000 h of weathering in PP, control,
NCC-only, NCC-talc hybrid filled PP-based composites.

Specimen Δ𝐿∗ Δ𝑎∗ Δ𝑏∗ Δ𝐸∗𝑎𝑏
PP 2.13 −0.51 −1.80 4.02
Control 0.24 0.25 −1.08 1.10
N2.5 0.33 0.19 −1.19 1.32
N5 0.62 0.14 −1.60 2.25
N10 1.35 −0.03 −2.07 2.41
N15 1.43 −0.25 −2.20 2.50
T10 0.09 0.16 −0.68 1.13
T10-N2.5 0.13 0.14 −1.28 1.24
T10-N5 0.34 0.02 −1.42 1.61
T10-N10 0.71 −0.02 −1.77 1.90
T10-N15 0.90 −0.16 −2.04 2.23

filled composites with UV stabilizer demonstrated high
mechanical properties and improved weathering resistance.

Table 3: Sensitive expressions of color difference by N.B.S Unit 6.0.

Δ𝐸∗𝑎𝑏 Sensitive expressions of color difference
0.0–0.5 Trace
0.5–1.5 Slight
1.5–3.0 Noticeable
3.0–6.0 Appreciable
6.0–12.0 Much
12.0–d Very much

Our results suggest that NCC-talc hybrid filled composites
are highly applicable for shell layers used in coextruded
WPCs.
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The shear performance of concrete flat plates with glass fiber-reinforced polymer (GFRP) plate shear reinforcement was investigated
through punching shear tests. Each GFRP plate was embedded in the concrete and included openings to permit the flow of concrete
during fabrication. Punching shear tests were conducted on a total of 8 specimens, and the resulting crack and fracture formations,
strains, and load-displacement curves were analyzed and compared.The experimental variables considered were the types of shear
reinforcement, including steel stirrups or GFRP plates, and the shear reinforcement spacing. The experimental results show that
the GFRP shear reinforcement effectively increased the shear strengths of flat plates. Furthermore, the applicability of two formulas
was investigated: a modified version of a shear strength formula from ACI 318-14 and the ACI 318-14 fracture prediction formula.

1. Introduction

The flat plate structure is composed of only slabs and
columns, with no beams. Thus, brittle punching shear failure
can occur owing to stress concentration near the column-slab
joint. To prevent brittle failure arising from punching shear,
the method of using fiber-reinforced polymer (FRP) material
rather than a steel stirrup or stud rail as the reinforcement
has been studied and applied. Esfahani et al. [1] attached
a CFRP sheet to the slab exterior and conducted punching
shear tests to evaluate the resulting shear performance. Faria
et al. [2] applied FRP laminates to the flat slabs and proposed
Critical Shear CrackTheory to estimate the shear strength of
flat slabs reinforced with FRP laminates. Erdogan et al. [3]
proposed CFRP dowel system. CFRP dowels are installed in
the predrilled hole of the slabs to act as shear reinforcement.
Sissakis and Sheikh [4] manufactured an annular CFRP and
reinforced it by punching a hole in a slab to experimentally
assess its performance and to evaluate the applicability of
the CSA and ACI equations. There has been steady research
based onmethods of strengthening the slabwith FRP sheet or
FRP straps, whereas research into the use of substitute shear

reinforcement is more limited [5]. In this paper, we propose
a method of enhancing the shear performance by embedding
perforated FRP plates in the flat plate. This performance was
empirically verified in previous studies [6]. Figure 1 illustrates
the shape of the perforated GFRP plate. The GFRP fiber
direction was oriented so that the plates would follow the
horizontal and vertical component directions of the plate.The
openings in the GFRP plate permit the flow of the concrete,
leading to the expectation of enhanced adhesion between the
concrete and the FRP plate. GFRP plates were installed on
each of the four sides surrounding the column (Figure 2).
Each GFRP plate was installed by fitting it between the slab
and the upper and lower rebars.

To support the application of perforated GFRP plates as
shear reinforcement in concrete flat plates, shear tests were
conducted using the design variables of shear reinforcement
type and spacing. The crack and failure modes of each spec-
imen, load-displacement behaviors, flexural reinforcement
strains, and GFRP plate strains were evaluated. Based on
the experimental results, a recommended maximum shear
reinforcement spacing for the GFRP plates was determined.
Moreover, a modified shear strength equation in the ACI
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Figure 1: Shape of a GFRP plate.

Figure 2: Schematic view of the proposed design for a flat plate
reinforced with GFRP plates.

Table 1: Material properties.

Diameter
(mm)

Tensile strength
(MPa)

Modulus of elasticity
(GPa)

Tension bar
Column bar 22.2 500 200

Stirrup 9.5 400 200
GFRP — 480 50

318-14 [7] was evaluated, and the applicability of the fracture
mode prediction equation provided in ACI 318-14 was veri-
fied.

2. Experimental Program

2.1. Materials. The design strength of the concrete used to
fabricate specimens was 21MPa. The average 28-day com-
pressive strength was measured to be 20.25MPa. For the
tension and columnbars, deformed rebars of diameter 22mm
and yield strength 500MPa were used. For the column hoop
bar and stirrup, deformed rebars of diameter 10mm and yield
strength 400MPa were used. GFRP with a tensile strength
of 480MPa and Young’s modulus of 50GPa was used for the
shear reinforcement plates. Table 1 lists the properties of the
materials used.

2.2. Specimen Details. A total of 8 specimens were manu-
factured: 5 specimens shear-reinforced with GFRP plates, 2
specimens reinforced with stirrups, and 1 specimen without
reinforcement. Structural details of the specimens are shown
in Figure 3. Each slab portion had horizontal dimensions
of 2000mm × 2000mm, thickness of 180mm, and effective

250

300

180

150 20
30

40

Hoop: HD10

4-HD22
18-HD13

18-HD22

Figure 3: Cross-sectional view of the slab specimen.

0.5d

0.5d

0,out

in0,

b

b

Figure 4: Critical sections according to ACI 318-14.

depth of 138mm. The columns had horizontal dimensions
of 250mm × 250mm, upper column height of 300mm, and
lower column height of 150mm.All specimenswere designed
to have the same flexural reinforcement ratio.

2.3. Specimen Design. Table 2 lists the details of each speci-
men. Specimens were named according to the experimental
variables of shear reinforcement type, spacing, and amount.
The control specimen was a specimen with no shear rein-
forcement. S and G refer to steel stirrups and GFRP plates,
respectively, while A, B, C, and D refer to the shear reinforce-
ment spacings of 40, 69, 104, and 138mm.The shear strengths
of the specimens were calculated using amodified ACI 318-14
equation. Figure 4 shows schematic diagrams of the internal
critical section (𝑏0,in) and the external critical section (𝑏0,out).
The internal critical section is located at a distance 0.5𝑑 from
the face of the column, and the external critical section is the
octagonal region defined by points 0.5𝑑 from the outermost
part of the shear reinforcement. For the flat plate reinforced
with shear reinforcement, the external critical section was
determined using the design equation. As expressed in (1),
the shear strength is the sum of the contributions to the shear
strength by the concrete and the shear reinforcement. The
concrete contribution to the shear strength was determined
by calculating the compressive strength of the concrete
according to (2), in accordance with the ACI 318-14. Equation
(3) expresses the contribution of the GFRP plate to the shear
strength. As reported in previous studies [6], the horizontal
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component of the GFRP plate does not significantly impact
the shear force bearing performance. Thus, only the cross-
sectional area of the vertical component was considered in
this calculation. Unlike the vertical components of the steel
stirrups, those of the GFRP plate were of strip form; to take
this shape into account, the shear reinforcement area of the
plate was calculated using (4). The contribution of the GFRP
plate to the shear strength was calculated as the number
of GFRP plate vertical components according to (5) and by
substituting this into (3). Hence,

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑓, (1)

𝑉𝑐 = 16√𝑓𝑐𝑏0,out𝑑, (2)

𝑉𝑓 = 𝑛𝐴𝑓𝑓𝑓𝑢, (3)

𝐴𝑓 = 8𝑡𝑓𝑤𝑓, (4)

𝑛 = 𝑑𝑠 . (5)

To assess shear performance, experiments were designed
to induce a punching shear failure before bending failure.
Here, the bending performance of the specimen was deter-
mined using the yield line theory of Johansen [8]. Johansen
proposed that the magnitude of the maximum bending
strength 𝑃𝑦 arising from the plastic flexural moment strength
of a 4-side simply supported slab can be calculated using (6).
Hence,

𝑃𝑦 = 8𝑚𝑟 ( 11 − 𝑐/𝑙) , (6)

𝑚𝑟 = 𝜌𝑓𝑦𝑑2 (1 − 0.59𝜌𝑓𝑦𝑓𝑐 ) . (7)

To calculate the shear strength, the shear reinforcement
amount (𝐴𝑓 × 𝑓𝑓𝑢 or 𝐴V × 𝑓𝑦) is represented by the product
of the tensile strength and the shear reinforcement cross-
sectional area existing within the critical section.The SB-480
and GA-480 specimens had the same shear reinforcement
amount, whereas the SB-680 specimen had a greater shear
reinforcement amount than either of these. The shear rein-
forcement amounts of the GA-184, GB-184, GC-184, andGD-
184 specimens reinforced with GFRP plates were designed to
be the same: 184 kN.The effect of shear reinforcement spacing
on the shear strength was analyzed by varying the shear
reinforcement spacing. The shear reinforcement installation
locations within each specimen are shown in Figure 5.

2.4. Test Setup. To conduct testing of the specimen on a
reaction frame, the 4 sides were simply supported using
hinges specially fabricated for the experiment. Load was
applied to each specimen using an actuator with maximum
capacity of 1000 kN. In real structures, loading is applied to
the slab, causing deflection and punching shears. However, in
this experiment, the testing method was adopted of installing
the flexural reinforcement on the lower part and applying
the load to the upper column. On the lower side of the

specimen, 5 displacement sensors (LVDTs) were installed
to measure the vertical displacement. To determine the
behavior of the flexural reinforcement, strain gauges were
attached at constant intervals in the vertical and horizontal
directions each from the column. Figure 6 shows the strain
gauge installation points on the GFRP plate of the GC-184
specimen. The experimental setup is shown in Figure 7.

3. Test Results

3.1. Cracking and FailureMode. Figure 8 shows crack patterns
of the specimens’ lower parts, whereas Figure 9 shows a
cross section of 100mm from the specimen column face,
prepared using a concrete cutter. In the control specimen
(i.e., the nonreinforced specimen), cracking began at the
joint section between the column face and the slab, showing
a typical punching shear failure in which the cracking led
to a cone breakout up to the critical section. However, in
the GFRP-reinforced specimens, after initial flexural crack
formation, cracking continued to propagate diagonally from
the column corner.Then, the shear crack gradually expanded
in a radial form, increasing the crack width of the critical
section. After themaximum loadwas reached, shear cracking
was created in the direction toward the supporting point.The
final crack formed in the lower part of the shear reinforced
specimen was found to represent a wider failure area than
that of the control specimen.These results show that the shear
reinforcement provided a reinforcement effect, increasing the
flat plate critical section (𝑏0) so thatmore concrete resisted the
punching shear. In the cross-sectional photographs shown in
Figure 9, the failure surfaces of the upper and lower parts
of each slab specimen are connected with dashed lines. In
the control specimen, fracture began at the column face and
formed a cone with a steep slope. Among all specimens
studied, the GA-480 specimen showed a punching shear
failure mode having the shallowest slope of cone failure.
This reveals that the GA-480 specimen showed a greater
reinforcement effect compared to that of the specimen with
steel stirrup reinforcement.

3.2. Strain Distribution. Strain was measured for each speci-
men on the flexural reinforcement at points 150, 250, 350, 550,
700, and 900mm from the column face in the vertical and
horizontal directions. The flexural reinforcement strains for
each specimen at maximum loading are shown in Figure 10;
the upper left corner of this figure includes a schematic
illustration of the strain gauge installation locations. To
allow comparison of the flexural reinforcement strains in the
vertical and horizontal directions, strains measured from the
horizontal flexural reinforcement are shown on the left side
of the figure, while strainsmeasured from the vertical flexural
reinforcement are shown on the right. As can be seen in the
figure, under maximum loading, all flexural reinforcement
strains were below the yield strain value. Thus, it can be
concluded that all specimens experienced punching shear
failure before flexural beam yielding and flexural failure.
Additionally, the control specimen showed the lowest strain
among all specimens owing to the brittle punching shear
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Figure 5: Arrangement of shear reinforcement in the specimen (dimensions in mm).

L4

L5

L3L2L1

Figure 6: Strain gauge locations on the GFRP plate in the GC-184
specimen.

failure, and all specimens showed their greatest strains near
the column.

Figure 11 shows load-strain curves of the GFRP plate
in specimen GC-184. The L1 gauge strain of specimen GC-
184 recorded a small strain of 250 𝜇𝜀 before the initial
crack formation at approximately 260 kN. However, the
strain significantly increased during the beginning of shear
crack, eventually leading to specimen failure at strains above
9000𝜇𝜀. Large strains were measured for the vertical com-
ponents L1, L2, and L3, showing that these effectively bore
the punching shear and contributed to the observed shear
performance. However, the horizontal component gauges L4
and L5 showed no significant changes in strain, even when
the cracks propagated under the increasing applied loads.

Reaction frame

Actuator

Steel rollers

LVDT

kN)(1000

Figure 7: Experimental setup.

Therefore, it was concluded that the horizontal components
of the GFRP did not substantially contribute to the punching
shear performance of the flat plate.



6 International Journal of Polymer Science

(a) Control (b) SB-480 (c) SB-680 (d) GA-480

(e) GA-184 (f) GB-184 (g) GC-184 (h) GD-184

Figure 8: Crack patterns on the slab tension side of each specimen.

3.3. Type of Shear Reinforcement. The effect of the type of
shear reinforcement was analyzed based upon the specimen
load-displacement results. The maximum defection of the
specimen was the displacement measured at the center of
the column’s lower part in the direction of gravity. Figure 12
shows load-displacement curves for specimens with various
shear reinforcement types. The maximum loads for the
control specimen, SB-480, SB-680, and GA-480 were 406,
637, 780, and 879 kN, respectively; the SB-480, SB-680, and
GA-480 specimens showed shear performances 57%, 92%,
and 116% greater than that of the control specimen. Also,
although the SB-480 specimenwas designed to have the same
amount of shear reinforcement as the GA-480 specimen,
GA-480 showed a 38% greater maximum load than that
of SB-480. The SB-680 specimen was designed to have a
shear reinforcement amount 40% greater than that of the
GA-480 specimen, but GA-480 showed a maximum load
13% greater than that of SB-680. All steel stirrup-reinforced
specimens showed maximum loads lower than that of the
GA-480 specimen. The reason for this is that steel stirrups
cannot effectively contribute to shear resistance owing to the
difficulty in ensuring sufficient concrete cover thickness and
effective depth. However, in the case of the GFRP plates,
because each plate is installed between the upper and lower
beams of the slab, this problem can be resolved. Thus, the
GFRP plate shear reinforcement was determined to be more
effective than the steel stirrups in resisting punching shear.

3.4. Spacing of GFRP Vertical Strips. TheACI 318-14 standard
specifies the spacing limits of stirrup shear reinforcement of
half the effective depth (0.5𝑑). Whether the GFRP plate stud-
ied herein satisfies the ACI 318-14 standard as a steel stirrup
replacement material was investigated through comparison

testing. To carry this out, the shear reinforcement amounts
of the GA-184, GB-184, GC-184, and GD-184 specimens
were designed to be the same, at 184 kN, and their vertical
component shear reinforcement spacings were designed to
be 0.3𝑑, 0.5𝑑, 0.75𝑑, and 𝑑, respectively. Comparison of
the maximum shear strengths among the specimens with
different shear reinforcement spacings showed that because
the amounts of shear reinforcement resisting the actual
punching shear were the same, the shear strengths were
similar, at around 620 kN, for all specimens except GD-
184 (Figure 13). The shear strength of GD-184 was found
to be 383 kN, 94% of the 406 kN shear strength of the
control specimen. Because the GD-184 specimen had vertical
component shear reinforcement spacing equal to the effective
depth (𝑑) value of 138mm, it was determined that the shear
reinforcement material in this specimen did not fully play
its role. Contrastingly, the other specimens including GFRP
plates as the shear reinforcementmaterial exhibited sufficient
resistance to the punching shear of the slab. Hence, applying
the steel stirrup shear reinforcement spacing limit of the ACI
318-14 to GFRP plate material is not appropriate; instead,
for GFRP plates, we recommend increasing the vertical
component reinforcement spacing limit to 0.75𝑑.
4. Comparison between Experimental
Results and ACI 318-14

4.1. Shear Strength Equation for GFRP Reinforcement. We
analyzed the applicability of the modified shear strength
equation for the steel stirrup-reinforced flat plate presented
in the ACI 318-14 standard for calculating the shear strength
in the alternate case of a flat plate reinforced with embedded
perforated GFRP plates. Table 3 and Figure 14 compare the
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Figure 9: Cracking patterns in the saw-cut slab cross sections of each specimen.



8 International Journal of Polymer Science

Table 3: Test results.

Specimen Displacement (mm) 𝑉cal (kN) 𝑉exp (kN) 𝑉exp/𝑉cal
Control 8 327 406 1.24
SB-480 12.23 489 637 1.30
SB-680 15.48 572 780 1.36

Average 1.3
Standard deviation 0.04

GA-480 16.66 507 879 1.73
GA-184 11 435 657 1.51
GB-184 11.89 392 621 1.58
GC-184 10.35 384 612 1.59
GD-184 6.8 397 383 0.96

Average 1.47
Standard deviation 0.26
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Figure 10: Strains in bottom reinforcing bars at peak load.

shear strength calculated using themodifiedACI 318-14 shear
strength equation and that measured experimentally. The
ratios of calculated to measured shear strengths were found
to be on average 1.3, with a standard deviation of 0.04, for
the steel stirrup-reinforced specimens and the nonreinforced
specimen, representing reasonable accuracy of the ACI 318-
14 equation for predicting the experimental shear strength.
However, for the GFRP-reinforced specimens, the ratios of
calculated to measured shear strengths were found to be on
average 1.47, with a standard deviation of 0.26. Thus, the
modified ACI 318-14 equation more highly underestimated
the shear performance of the GFRP plate than that of the
nonreinforced or steel stirrup-reinforced specimen.

The failure modes of a shear reinforced flat plate can be
largely categorized into failures beginning from the inside
of the shear reinforcement and those beginning from the
outside. Analysis was conducted to verify whether the failure
mode prediction equation, which is amodification of the steel
stirrup equation for the GFRP plate, was suitable. Equations
(8) and (9) are used to calculate shear strength for failure
starting inside the GFRP plate. Here, the contribution of
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Figure 11: Load versus GFRP strain for the GC-184 specimen.

the critical section of concrete is set using the internal
critical section (𝑏0,in), that is, the portions up to 0.5𝑑 vertical
and horizontal distances from the column (recall Figure 4).
Hence,

𝑉𝑛,in = 𝑉𝑐,in + 𝑉𝑓, (8)

𝑉𝑐,in = 16√𝑓𝑐𝑏0,in𝑑. (9)

The shear strength equation for failure beginning outside
the GFRP plate is shown in (10). The external critical
section (𝑏0,out) 0.5𝑑 from the shear reinforcement domainwas
considered to be the critical section, and the shear strength
contribution of the shear reinforcement was not included.
Therefore,

𝑉𝑛,out = 16√𝑓𝑐𝑏0,out𝑑. (10)

The flat plate failure mode can be predicted by comparing
the values of 𝑉𝑛,in in (8) and 𝑉𝑛,out in (10). Table 4 lists
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Table 4: Failure modes.

Specimen 𝑉𝑛,in (kN) 𝑉𝑛,out (kN) Failure mode Crack patterns
Predicted Actual

GA-480 286 386 Within Within

GA-184 370 228 Outside Outside

GB-184 286 270 Outside Outside

GC-184 245 303 Within Within

GD-184 225 336 Within Within

Control
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SB-680
GA-480
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Figure 12: Load-displacement curves.

the predicted and actual failure modes; the predicted failure
modes were correct for all specimens. Therefore, it was
concluded that the failure mode prediction equation was
accurate for a flat plate reinforced with GFRP plates.

5. Conclusions

In this paper, the shear performance of a flat plate including
GFRP plates was evaluated as a shear reinforcement material.
Punching shear tests were conducted in which the fracture
and failure modes, strains, and load-displacement curves
of 8 flat plate specimens were compared. The conclusions
obtained from this study are as follows:

(1) Among the failed specimens, those including GFRP
plates experienced cone failures with more gradual
slopes and greater critical sectional areas compared
to those of the steel stirrup-reinforced and nonrein-
forced specimens. Therefore, the GFRP plates were
effective as reinforcement against the punching shear.

(2) Comparison of load-displacement curves of the spec-
imens including GFRP plate reinforcement showed
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Figure 13: Shear strength depending on the spacing of GFRP
vertical strips.

that, with increasing applied loads, the strains of
the vertical components increased greatly, causing
failure of the GFRP plate at strains greater than
9000𝜇𝜀, whereas the horizontal components did not
experience significant changes in strain over the
range of loads applied. Thus, the GFRP plate vertical
component contributes substantially to the punching
shear performance of the slab. Considering only the
vertical component of the GFRP plate as the shear
reinforcement when calculating the shear strength of
the shear reinforcement sectional area was found to
be effective.

(3) The specimen including GFRP plates with the verti-
cal component reinforcement spacing of 1𝑑 did not
fully exhibit its shear performance, but specimens of
reinforcement spacing 0.75𝑑 showed sufficient shear
performance. Therefore, it is recommended that the
maximum limit of shear reinforcement spacing be
increased to 0.75𝑑 for GFRP plates.

(4) A GFRP plate shear strength equation modified from
the ACI 318-14-11 standard equation was validated by
comparing its results to experimental shear strength
results. For GFRP-reinforced specimens, the ratios of
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experimental to calculated shear strengths (𝑉exp/𝑉cal)
were found to be on average 1.47, with a standard
deviation of 0.26. Thus, the equation was determined
to be applicable as a shear strength equation in the
case of a flat plate reinforced with GFRP plates.
Furthermore, the failure mode prediction equation
provided in ACI 318-14-11 was found to accurately
predict the failure modes of all GFRP-reinforced
specimens.
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ECO2 (building energy efficiency rating program) and passive energy conservation measures (ECMs) were established as a basic
study for targeted methodologies and decision support systems development in Korea to meet national regulations. The primary
energy consumption and economic evaluation of nonresidential buildings was performed. Passive ECMswere classified as planning
and performance elements. The planning elements are the window-to-wall ratio (WWR) and horizontal shading angle. The
performance elements are the thermal transmittance (U-value) of the walls, roof, and floor and the U-value and solar heat gain
coefficient (SHGC) of windows. This study focused on the window-to-wall ratio and the U-value and solar heat gain coefficient of
windows. An economic efficiency database for the constructed alternatives was built; the target building was set and the Passive
ECMList for the target buildingwas derived.The energy consumption evaluation and economic evaluationwere performed for each
of the constructed alternatives, and a methodology for guiding energy efficiency decisions was proposed based on the performance
evaluation results, and the optimal Passive ECM List for the target building was derived.

1. Introduction

Nowadays, because of climate change, the reduction of green-
house gas emissions and energy conservation is emphasized
globally. The government announced the 30% reduction goal
based on the greenhouse gas emission projection for 2020
and enacted the Framework Act on Low Carbon, the Green
Growth in April, 2010 [1]. Considering the international
responsibility of South Korea, the government intensified the
reduction goal of greenhouse gas emissions for 2030 as 37%
and are proceeding with the objectives established according
to sectors, occupations, and years to achieve the goal [2]. In
building sector, the Support System for Composition of Green
Architectures [3] which determines matters for the creation
of green buildings and aims to reduce CO2 emissions of
buildings and expand green buildings and Building Design
Criteria for Energy Saving [4] were enacted and announced,

and energy conservation and efficiency management includ-
ing the performance evaluation system of eco-friendly homes
are being carried out for the overall aspects of new and
existing buildings from the building design to the building
operation in response to these measures.

On the other hand, although “Green Together,” a web
portal for green buildings in Korea, provides information
on green buildings, an evaluation and comparison of energy
efficiency measures as a targeted methodology have not
been established [5]. Therefore, it is necessary to develop
the support system that provides effective building-related
information and can be applied and evaluated for energy
efficiency alternatives.

To reduce greenhouse gas emissions and improve the dis-
tribution and activation of green buildings, the government
of South Korea is implementing a number of standards and
systems for strengthening the criteria for new and existing
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buildings. Among them, the purpose of the Building Design
Criteria for Energy Saving is to determine the items related
to the energy-saving design criteria, including heat loss pre-
vention, writing standards of energy conservation plans, and
design review reports. In addition, the system aims to relax
the construction standards to promote the construction of
green buildings, for efficient energymanagement of buildings
in accordance with the Support System for Composition of
Green Architectures.

It is mandatory to submit an energy conservation plan
at the time of the application for permission to construct or
change the use of buildings with a gross floor area of 500m2
or more (excluding single-family homes, zoos, and botanical
gardens), and a review report of the energy conservation
plan design is composed of mandatory items (19 items of
the sectors of construction, machinery, and electricity) and
recommendations (51 items of the sectors of construction,
machinery, electricity, and new and renewable energy). The
adoption of all mandatory items and the acquisition of at
least 65 points of the energy performance index (EPI) or
the acquisition of at least 74 points of the energy perfor-
mance index (EPI) for public buildings are prescribed as the
requirements for a suitability determination. In addition, in
the case of office buildings with a gross floor area of 3,000m2
or more, a report of the building energy consumption
evaluation by a simulation of the ECO2-ODmust be submit-
ted.

The Building Design Criteria for Energy Saving have
been partially amended ten times since the enactment of
the number 2008-5 based on the current number 2015-596
(effective 8/17/2015). As a result of partial revisions of the
number 2014-520, the mandatory items of the construction
sector were added to the number 2014-957, the construc-
tion sector items for nonresidential buildings in the energy
performance index were added, and the scoring range of
item 8 (concerning the installation of the shading devices
of south-facing and west-facing windows) was revised. As a
result of the addition of construction sector items, the sum
of the basic scores was 50 points for large nonresidential
buildings and 66 points for small nonresidential buildings.
Therefore, the basic scores of the construction sector for small
nonresidential buildings are 16 points higher than those of
large buildings. The main amendments include the addition
of a regulation that requires the mandatory installation of
shading devices for 10% or more of the south and west win-
dowareas (0.6 points ormore) in public buildingswith a gross
floor area of 3,000m2 or more, including public institutions
and educational institutions. In addition, thermal insulation
standards are expected to be strengthened to the level of
advanced countries to ensure the basis of the mandatory
implementation of Passive Buildings of 2017. (For example,
external wall insulation standards will be strengthened by
28.6% from0.27W/m2 K to 0.21W/m2 K in the central region
of the country.)

The ECO2, which was used as the energy efficiency rating
of domestic buildings, has been developed as a program
suitable for domestic situations based on the DIN V 18599
of Germany with reference to the EN ISO 13790, EN 15203,
and so forth [5]. This is a program for analyzing the energy

required to maintain the indoor environment of a building
suitable for the use of that building. Using this program, the
primary energy demand, energy consumption, and carbon
dioxide emissions of a building can be predicted based on
the energy values calculated by quantitative analysis of the
energy required for heating, cooling, lighting, hot water, and
ventilation taking into consideration the interaction of energy
flows depending on characteristics of building construction.

The building information of ECO2 distinguishes 13
regions, and the information was divided and evaluated
separately according to the use and size of the buildings.
The input data taps are largely divided into the sectors
of building construction, M/E equipment, and new and
renewable energy.The construction sector includes the items
of the input surface, input zone, U-value, and the machinery
sector. In addition, the new and renewable energy sector is
divided into renewable and cogeneration and the information
for each category is entered and evaluated separately. The
input taps related to the construction sector (Passive) that this
study is intended to focus on and suggest are divided into the
input zones for entering information on the space for which
the load is analyzed and the input surfaces for evaluating the
U-values, heat loss, and heat gain concerning the thermal
performance of building envelopes and an evaluation of heat
loss and heat gain.

Yaşar and Kalfa [6] examined the effects of alternative
units, rather than readily available double-glazed units, in two
types of flats to determine the influence of the windows on
the energy consumption and economy of high-rise buildings.
The simulation shows that smart-glazed units and those with
low emissivity glazing are the most efficient alternatives with
regard to a building’s energy consumption and economy. Tian
et al. [7] reported a generalized window energy rating system
for typical office buildings. In their study, to demonstrate
how a WERS in a particular location can be established
and how well the model can work, the model and approach
were applied to a typical office building of Hong Kong as an
example. Kim et al. [8] proposed the supplement point of
Korea’s policies and guidelines regarding windows through a
comparison of Korea’s policies and guidelines for windows.
In addition, they checked the variation of the energy con-
sumption of buildings through a variation of the window
elements and proposed an energy analysis indicator for the
Republic of Korea. Koçlar Oral [9] compared the calculated
daily average hourly heat loss per unit area of building
envelopes with different window types to determine the
appropriate window type from a heating energy conservation
viewpoint. Persson et al. [10] examined how decreasing the
window size facing south and increasing the window size
facing north in these low energy houses would influence
the energy consumption and maximum power required to
maintain an indoor temperature between 23∘C and 26∘C.
The results showed that the size of the energy efficient
windows does not have a major influence on the heating
demand in winter but is relevant for the cooling needs in
summer. This suggests that instead of the traditional way of
building passive houses, it is possible to enlarge the window
area facing north and achieve better lighting conditions.
Yeom et al. [11] investigated the 7 performance categories
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Table 1: U-values and 𝑔-values (SHGC) for windows.

U-value/𝑔-values for windows
1.16/0.25 1.19/0.21 1.23/0.33 1.54/0.24 1.57/0.22 1.62/0.57 1.63/0.34 1.65/0.33
1.67/0.40 1.73/0.59 1.78/0.61 1.90/0.40 2.85/0.46 2.85/0.52 2.85/0.73 —

of domestic windows for an apartment house, examined
the energy-saving effects according to the window thermal
performance, and estimated the window economic efficiency.
As in previous studies, many studies have been conducted
to save energy for windows worldwide. However, in Korea,
information on alternatives and technologies for building
energy conservation measures are dispersed and concrete
methods are not built up, so it is difficult to apply effective
alternatives.

In this study, energy efficiency alternatives (ECM List)
were constructed focusing on the construction sector (Pas-
sive) as the basis for a targeted methodology and the decision
support system development for a domestic situation. An
economic efficiency database for the constructed alternatives
was built; the target buildingwas set and the Passive ECMList
for the target building was derived. An energy consumption
evaluation and economic evaluation were performed for each
of the constructed alternatives, and this paper proposes a
methodology for guiding energy efficiency decisions, based
on the performance evaluation results, and derives the opti-
mal Passive ECM List for the target building.

2. Development of ECM List and Economic
Efficiency Database

2.1. ECM List. A brief examination of the input items of
the construction sector of the ECO2 and their properties to
establish building energy efficiency alternatives (Passive ECM
List) for a domestic situation showed that the input categories
of the construction sector of the ECO2 are composed of the
following: input zones, input surfaces, and U-values. These
were divided into the categories for which the thickness
or a value is entered directly and those with some given
options are selected and applied. The ECO2 does not include
a separate input category for the window-to-wall ratio, but
the window area is entered and evaluated for each zone. The
window-to-wall ratio should be considered before the other
items because it affects other energy efficiency alternatives of
the Passive ECM List.

2.1.1. Window-to-Wall Ratios. Among the planning factors,
the window-to-wall ratio should be considered first because
it affects the other elements. The window-to-wall ratio is the
proportion of the window area to the total area of the exterior
envelope, and its rangewas set by dividing the ratios into 30%,
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, and 80%.

The mean U-value of the external walls of buildings
(including windows and doors) varies according to the
window-to-wall ratio.Moreover, because the averageU-value
of the external walls is a mandatory item in an energy
conservation plan and its maximum value is prescribed

according to regions, the window-to-wall ratio that satisfies
the criterion by not exceeding the average U-value for the
external walls is derived as the alternative for the target
building.

2.1.2. U-Values and 𝐺-Values of Windows. In the ECO2
program, the U-values and solar energy transmittance (𝐺-
values) of windows are entered and evaluated directly.
Although basic options are offered for the kinds of insulating
materials of walls, roofs, and floors, the options to be selected
and applied are not provided for windows, so the values for
the window performancemust be entered directly.Therefore,
the common values concerning the window performance
were constructed from the information obtained from a
company that produces windows and doors. The product
information is about the general pair glass windows, and it
provides information on the general pair glass and low-e pair
glass, as shown in Table 1.

2.2. Economic Evaluation

2.2.1. Economic Evaluation Database. The database for an
economic evaluation of energy efficiency measures for build-
ings is composed of investment costs and operating costs.
Investment costs include the material costs, labor costs, and
expenses, while the operating costs are the expenses used to
operate the building and consist of maintenance expenses,
dismantling and demolition costs, and energy costs. Table 2
presents the method of building an economic evaluation
database and the items that constitute it.

(1) Initial Investment Cost. The investment cost in an eco-
nomic evaluation database for nonresidential buildings refers
to the simple establishment expense required when con-
structing a building and it is calculated as the sum of the costs
of materials, labor, and expenses.The indirect labor costs and
expenses for economic evaluation are calculated as the ratios,
as presented in Table 3.

(a) Labor Cost. The labor costs of the initial cost are divided
into direct and indirect labor costs; the direct labor costs are
calculated by reference to the “standard market unit price” of
the Public Procurement service, and the indirect labor costs
are calculated by reference to the criteria for the application
of expense ratios in construction cost calculations.

(b) Expenses. The expenses of the initial investment cost are
the costs incurred by the consumption of the cost items other
than materials and labor cost, and they are calculated by
reference to “the criteria for application of expense ratio in
construction cost calculation.” Their components are other
expenses, worker’s compensation insurance, health pension
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Table 2: Method of building the economic evaluation database and the item.

Division Sort DB source DB building item

Initial investment cost
Material cost Korea Price Information Material cost
Labor cost Standard market unit price: the criteria for application

of expense ratios in construction cost calculation
Labor cost per m2

Public expenditure Public expenditures per m2

Operating cost

Maintenance expense
Maintenance cycle Housing Act enforcement regulations: the criteria for

long-term repair plan establishment
Maintenance cycle

Maintenance rate Rate of repairing level
Energy expense
Electricity Korea electric power corporation The year rates
Town gas Regional natural gas supplier The year rates
District heating Korea district heating corporation The year rates

Table 3: Method for calculating the investment costs DB for an economic evaluation.

Labor cost Direct labor cost Direct labor cost × rate Construction 7.6
Industrial facility 7.6

Expenses

Other expenses (Material cost + labor cost) ×
rate

Construction 6.4
Industrial facility 6.4

Worker’s compensation
insurance (Labor cost) × rate 1.01

Health pension insurance (Direct labor cost) × rate [Health]: 1.7
[Pension]: 2.49

Long-term care (Health insurance) × rate 6.55
Environmental preservation

cost (Material cost + direct labor cost) × rate 0.8

Retirement costs deductible
installment (Direct labor cost) × rate 2.3

insurance, long-term care insurance, environmental preser-
vation cost, and retirement costs deductible installment.

(2) Operating Costs

(a) Maintenance Expenses. Maintenance expenses are costs
used for the maintenance and management of a building
and they are calculated as the sum of the repair cost and
replacement cost. The repair and replacement cost can be
estimated based on the repair or replacement cycle and rate.
Table 4 lists a part of the criteria for long-term repair plan
establishment in the Housing Act enforcement regulations
[effective 01/07/2015].

(b) EnergyCosts. Energy costs are composed of electricity, city
gas, and district heating. For electricity costs, which are part
of the energy costs, the rates provided by the Korea Electric
Power Corporation were applied. The electricity rates for
nonresidential buildings were classified into those for general
purposes, for industrial use, and for educational use, and
the electric power rates depend on the contract power. The
electricity rates are divided into those for a contract power of
less than 300 kW (A type) and those for a contract power of
300 kW andmore (B type).The electricity rates are calculated
using formula (1).

The city gas rates vary from region to region, and the
rates offered by local natural gas suppliers are applied. The
city gas rates for nonresidential buildings are divided into
those for business heating, for HVAC, for commercial use,
for industrial use, and for social welfare use depending on the
types of use, and city gas charges are calculated using formula
(2). The average calories used to calculate the city gas prices
refer to the monthly weighted average calories of a specific
period [MJ/Nm3].

For district heating charges, the rates provided by the
Korea District Heating Corporation were applied.

Electricity price

= (basic price + usage charge − welfare discount)

× VAT (10%)

× Electric Power Industry Basic Fund (3.7%) ,

(1)

city gas price

= (used amount × correction factor)

× average calories + replacement cost + VAT.

(2)
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Table 4: Repair and replacement cost of windows.

Construction
type Method of repair Maintenance cycle Maintenance rate Note

Steel windows and doors
Window and door frame repairs 10 20

Except windows hardwareWindow and door repair 10 20
Full replacement 30 100

Aluminum windows and
doors

Window and door frame repairs 10 10
Except windows hardwareWindow and door repair 10 20

Full replacement 25 100

Painting oil paint Full coat 5 100 Steel parts
Full rust preventive 5 100

Painting synthetic resin paint Full coat 6 100 Steel parts
Full rust preventive 12 100

2.2.2. LCC Evaluation. The LCC evaluation is a method for
evaluating and analyzing the total costs incurred from the
planning and design stage to the construction (installation),
operation, and the dismantling and demolition stage after
use. To analyze the costs incurred at various points, such
as the initial investment cost, energy cost, operating cost,
and dismantling and demolition costs, all costs should be
converted to the values at the samepoint in time.When future
costs are converted to the present value, a discount rate is
applied, and when the present value is converted in a future
value, an interest rate is applied. By applying the real discount
rate to the total costs incurred during the evaluation period,
the LCC (life cycle cost) is calculated, as shown in

LCC = IC +OCpv + DCpv =
𝑛

∑
𝑡=0

𝐶𝑡
(1 + 𝑑)𝑡
, (3)

where IC is the initial investment cost, OCpv is the present
value of total operating cost, DCpv is the present value of
dismantling and demolition cost, 𝑑 is the real discount rate,
and Ct is all costs incurred in the year 𝑡.

The real discount rate can be calculated by distinguishing
between the nominal cash flow and real cash flow. If inflation
is expected, the interest rate determined by adding the
inflation rate to the real interest rate is applied, and it is
referred to as the nominal interest rate for nominal cash flow.
The nominal interest rate is calculated using

𝑅 = (1 + 𝑟) (1 + inf) , (4)

where 𝑅 is the nominal interest rate, 𝑟 is the real interest rate,
and inf is the inflation rate.

For the real cash flow, the real interest rate is calculated
using (5) and is used as the discount rate.

𝑟 = (1 + 𝑅)
(1 − inf)

− 1. (5)

All costs for the economic efficiency evaluation in this
study were calculated per unit area (m2).

To calculate the labor costs for the installation of win-
dows, the labor cost per unit area for the installation of

Table 5: Overview of the target building.

Category Description
Region Seoul
Use Office building
Structure Reinforced concrete

Size 1 floor under ground
3 floors above ground

Gross floor area 2,325m2

pair glass was applied (50,535won/m2 based on the glass
specification of (6+12A+6)). In the energy consumption
results of ECO2, the energy for heating and hot water was
calculated by applying the city gas rates, and for the energy
of air conditioning, lighting, and ventilation, the energy
costs were calculated by applying the electric power rates.
The city gas rates were calculated using the method for
calculating the rates for heating for business use in Seoul.The
electric rates are divided into A and B types according to the
contract demand of the building. The selection rate system
with the options of (I), (II), and (III) was implemented and
the rates were calculated by dividing time zones depending
on the loads. In this study, electricity rates were calculated
by applying the average electricity rate during the summer
months of 105.3 won/kWh for the general power rates (A).

3. Performance Evaluation for Each
Alternative of the ECM List

3.1. The Overview of the Target Building. A general business
building has a gross floor area of 2,325m2 and of the rein-
forced concrete structure that has three floors above ground
and consists of offices, meeting rooms, seminar rooms, and
so forth. The workspaces used mainly in the target building
are placed on the south and north side and the staircases
and toilets are located on the west side. Table 5 presents
an overview of the target building, and Table 6 provides
information on the envelope performance of target buildings.
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Table 6: Envelope performance of target building.

Building
component

Performance
U-value SHGC

Wall (direct) 0.244 —
Root (direct) 0.165 —
Floor (direct) 0.254 —
Floor (indirect) 0.237 —
Window (indirect) 2.4 0.77
Window (direct) 2.0 0.40
Window (direct) 1.9 0.40

3.2. ECM List for the Target Building

3.2.1. Window-to-Wall Ratios. Among the planning factors,
the window-to-wall ratio should be considered first because
it affects the other elements. As the window-to-wall ratio is
increased, the mean U-value of the external wall increases,
and the averageU-value of the external wall must be less than
1.180W/m2⋅K in the central region, which is a mandatory
item of the energy-saving plan.Therefore, when the window-
to-wall ratio of the target building is increased, it is derived
within the range that satisfies the criterion of the average U-
value. For the window areas, the areas of the south-facing and
north-facing windows were increased in accordance with the
window design guidelines.

3.2.2. U-Values and 𝑔-Values (SHGC) of Windows. Because
theU-value criterion of 2.1W/m2⋅Kor less for thewindows of
the target building that are exposed to the outdoor air directly
must bemet, 12 alternatives were derived.Thewindows in the
target building were composed of those in themain entrance,
halls, lobbies, and main business areas, and the application
and evaluation were conducted only for the windows of the
business areas.

3.3. Energy Consumption Evaluation. For the alternatives
of each of the planning and performance factors for the
target building, the primary energy consumption was eval-
uated using the building energy efficiency rating program
(ECO2) and impact analysis was carried out. In the domestic
building energy efficiency rating, the energy consumption
for cooling was not assessed or considered in the case
of residential buildings, but for nonresidential buildings,
the total energy consumption according to each load was
considered, which allowed an analysis of the total energy
consumption, including energy consumption for cooling and
heating.

3.3.1. Window-to-Wall Ratios. Among the planning factors
that should be considered primarily, Figure 1 presents the
primary energy consumption of the target building according
to the window-to-wall ratios. The total primary energy con-
sumption according to the window-to-wall ratio shows that
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Figure 1: Primary energy consumption for cooling and heating
according to the window-to-wall ratio of the target building.

the primary energy consumption increases with increasing
window-to-wall ratio. Both the cooling and heating energy
are increasedwith increasingwindow-to-wall ratio. Although
the growth rate of heating energy was small, the cooling
energy increased considerably. Thus, in terms of energy con-
sumption, it is efficient not to increase the window-to-wall
ratio.Therefore, in this study, the window-to-wall ratio of the
target building was maintained without increasing it when
the energy consumption evaluation for other alternatives was
performed.

3.3.2. U-Values and 𝑔-Values (SHGC) for Windows. To estab-
lish the energy efficient alternatives according to the perfor-
mance of windows, 12 alternatives that meet the regulatory
criterion of 2.1W/m2⋅K or less for the windows that are
exposed directly to the outside air were constructed, includ-
ing the original plan of the target building; Figure 2 presents
the primary energy consumption.

In this study, the evaluation results of the energy con-
sumption depending on the increase in window-to-wall
ratio of the target building by utilizing ECO2 showed no
energy-saving effect, and the window-to-wall ratio of the
target building was maintained without changing it in the
evaluation of other alternatives of the Passive ECM List.
Figure 2 presents the total primary energy consumption
according to the window-to-wall ratios of horizontal shading
devices.

3.4. Economic Evaluation. The window is an element that
affects the energy consumption by its two performances,
that is, its U-values and 𝑔-values, so the LCC and energy
costs according to the performances were calculated. Figure 3
shows the LCC according to the window performance.
Figure 4 presents the LCC depending on the primary
energy consumption according to the window performance.
Compared to the original plan, the alternative showing a
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performance of the target building.
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Figure 3: LCC according to the window performance.
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Figure 4: LCC depending on the primary energy consumption
according to the window performance.

decrease in both primary energy consumption and LCC was
derived.

4. Building Energy Efficiency Decision
Support Process

There are diverse conditions for making decisions based on
the energy consumption and economic evaluation of the
alternatives that the user wants to compare by utilizing the
decision support system of the Building Energy Integrated
Support System. In general, the purpose is to obtain informa-
tion on which alternative has the lowest energy requirement
based on the performance evaluation results.

On the other hand, the need for an economic evaluation
of the performance elements of the energy efficiency mea-
sures for buildings has been confirmed, and themethodology
for supporting the comprehensive decision-making process
through an economic evaluation is required. In addition,
for each energy efficiency alternative, this study intends to
support the user’s decision-making by providing information
through scoring analysis according to energy performance
index of the energy-saving design criteria for domestic
buildings.

Therefore, this paper proposes a decision support meth-
odology for energy efficiency measures for buildings and
derives the desired alternatives using the methodology based
on the performance evaluation of the target building. The
methodology and optimal package are composed of the
primary energy consumption, LCC cost, and energy perfor-
mance index; the process is presented in Figure 5.

First, alternative measures that meet the regulatory crite-
ria for the target building that the user wants to evaluate are
derived, and the energy consumption, economic efficiency,
and energy performance index items for each alternative are
evaluated. Among the evaluation results, the result conditions
that the user wants to analyze preferentially are selected to
make decisions on the building energy efficiency alternatives
based on the result conditions. When the number of alter-
natives for the conditions is two or more, the conditions for
deriving the optimal one out of the alternatives are selected. If
there are two or more alternatives at this time, an alternative
is derived by comparison in terms of the last condition. The
optimal alternative is derived by conducting an analysis in
a stepwise manner based on the result conditions that the
user wants to analyze preferentially. Tables 7, 8, and 9 list
the selected alternative by the preferred criteria in accordance
with the proposed process.

5. Conclusion

This study proposed energy efficient alternatives (ECM List)
by building a database of general-purpose values and price
information based on the alternative method that can be
applied and evaluated as a national public program, and
the energy performance and economic efficiency of each
alternative after setting a target building were evaluated.
In addition, a decision support process was suggested and
applied based on the evaluation results, and the building
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Figure 5: Building Energy Efficiency Decision Support process.

energy efficiency alternatives (Passive ECM List) for the
target building were evaluated.

The results of this study can be summarized as follows:

(1) The energy efficiency alternatives about windows
were divided into the window-to-wall ratios, U-
values, and 𝑔-values for windows. Within the range
satisfying the legal criteria for the target building, the

Table 7: Selected alternative when considering the primary energy
consumption preferentially.

Category
Primary

energy consumption
[kWh/m2yr]

LCC
[won/m2] EPI

Origin 357.7 1,754,851 0.8
Proposed 357.3 1,746,771 0.8

Table 8: Selected alternative when considering the LCC preferen-
tially.

Category LCC
[won/m2]

Primary
energy consumption
[kWh/m2yr]

EPI

Origin 1,754,851 357.7 0.8
Proposed 1,746,771 357.3 0.8

Table 9: Selected alternative when considering the EPI preferen-
tially.

Category EPI
Primary

energy consumption
[kWh/m2yr]

LCC
[won/m2]

Origin 0.8 357.7 1,754,851
Proposed 0.9 352.1 1,891,688

window-to-wall ratios were determined to be 25%,
27%, 35%, 40%, 45%, 50%, and 55%. Regarding the
windows, 12 kinds were derived according to the legal
standards for 𝑈-values.

(2) With respect to the Passive ECM List for the target
building, the primary energy consumption was eval-
uated by utilizing the ECO2.The energy-saving effect
depending on the increase in the window-to-wall
ratio compared to the original plan was not found.
The evaluation results of the energy performance
according to theU-values showed some ranges, so an
economic evaluation is needed.

(3) For the costs ofmaterials, labor, and energy consump-
tion of the windows of the ECM List, the cost per
unit area was calculated, and an alternative with the
lowest LCC was derived among the alternatives for
representing the same U-value and primary energy
consumption.
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Apartment buildings in Korea have adopted underfloor heating systems using web construction methods based on concrete and
hot water systems. However, since such systems consume significant amounts of energy for heating owing to their low thermal
storage performance, it is necessary to develop a new system that canminimize energy consumption by improving concrete thermal
storage performance.This study proposes a phase-changematerial (PCM) underfloor heating system to reduce energy consumption
in apartment buildings. An optimal design for a PCM underfloor heating system is proposed, and thermal storage performance
of the proposed system is evaluated experimentally. The temperature range of the PCM for underfloor heating is also calculated
considering the proposed design and comfortable heating conditions for domestic apartment buildings. Results indicate that a
PCM underfloor heating system can be constructed in the following order: (1) a 210 mm concrete slab, (2) a 20 mm cushioning
material, (3) 40mm of mortar including a 10 mm PCM thermal storage container, and (4) 40mm of finishing mortar including
wire mesh and hot water pipes. The temperature range of the PCM used for underfloor heating in domestic apartment buildings is
32–45∘C. Experimental tests reveal that thermal storage performance of underfloor heating systems that apply 35, 37, 41, and 44∘C
as representative PCM temperatures is superior to existing systems.

1. Introduction

As underfloor heating systems (UFHSs) use radiation from
a floor surface for indoor heating, they can maintain indoor
air temperaturemore comfortably than other types of heating
systems [1–4].

In Korea, UFHSs have been widely used in residen-
tial buildings. Specifically, most apartment buildings, which
account for approximately 65% of total residential buildings
in Korea, adopt this type of heating system [5–10].

Unlike other countries that mainly use the dry construc-
tion method, most UFHSs applied to apartment buildings in
Korea are constructed using the wet construction method.

System construction is completed by installing materials
over a concrete slab in the following order: cushioning
material, autoclaved lightweight concrete (ALC), wire mesh,
hot water pipes, and finishing mortar. In addition, hot water,
which is supplied by individual boilers or from the Korea

District Heating Corporation (KDHC), is used as the heat
energy source [11]. Among thesematerials, ALC and finishing
mortar are essential in determining heating energy consump-
tion because they store or discharge the heat energy supplied
by the hot water [12–17].

However, the poor thermal storage performance of ALC
and finishing mortar necessitates a large supply of hot water
and increases energy consumption. Moreover, when the hot
water supply is interrupted, the underfloor surface tempera-
ture drops drastically. These are the disadvantages of UFHSs
[18–20].

Therefore, a new UFHS with superior thermal storage
performance should be designed to reduce heating energy
consumption of apartment buildings in Korea.

Recently, a UFHS using a phase-change material (PCM)
has been introduced as an alternative.This type ofUFHS does
not require an additional supply of heat energy but uses stored
latent heat to maintain a constant temperature [21–41].
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In the USA, China, Japan, and some European countries,
such UFHSs using PCMs have already been actively studied
and are being applied in both residential and nonresidential
buildings [42–45].

However, most systems adopted in these countries use
the dry construction method and electricity as a heat source
[25, 43]. For this reason, these systems are not suitable for
Korean apartment buildings, which adopt the wet construc-
tion method and hot water as a heat source.

Consequently, it is necessary to design another type of
PCM-basedUFHS that can be applied to apartment buildings
in Korea to reduce energy consumption. This study proposes
a new PCMunderfloor heating system (PUFHS) that uses the
wet construction method and hot water.

For this, in Section 2, we analyze the current standard
for underfloor heating of domestic apartment buildings and
propose the optimal design of a PCM underfloor heating
system that can improve the thermal storage performance
of existing systems. Temperature ranges of PCMs that satisfy
both indoor temperatures and floor surface temperature con-
ditions for heating are also proposed. In Section 3, the experi-
mentalmethod and conditions for evaluating thermal storage
performance for the proposed PCM underfloor heating sys-
tem are explained, and Section 4 presents the analysis of the
results obtained from the experimental tests.

2. Design of a PCM Underfloor
Heating System

2.1. Standard for Underfloor Structure in Apartment Buildings.
In Korea, the standard trend for underfloor structure of
apartment buildings does not focus on energy consumption
but on noise between floors, which has recently emerged as a
social problem [46, 47]. However, every apartment building
should conform to the “standard of structure for insulating
floor impact sound between floors for noise prevention” by
theMinistry of Land, Infrastructure andTransport (MOLIT).

The key points of this standard are as follows [11]:

A A heavy-weight floor impact sound of an under-
floor structure shall be 50 dB or below.
B A lightweight floor impact sound of an underfloor
structure shall be 58 dB or below.
C Otherwise, one of the standard underfloor struc-
tures suggested by MOLIT shall be adopted.

The underfloor structure of apartment buildings should
conform to articles A and B of the abovementioned stan-
dard. Otherwise, as shown in Figure 1, one of the standard
underfloor structures presented in article C should be
adopted.

In Korea, most apartment buildings choose the first
model of the standard underfloor structures in article C
provided by MOLIT, as it is easy to construct and maintain
and incurs low construction costs [49].

Almost all apartment buildings adopt the first standard
underfloor structure in Figure 1; however, as mentioned in
the introduction, this structure includes ALC and finishing
mortar, which have very poor thermal storage performance

[18–20]. Therefore, in order to solve the problem of large
energy consumption caused by underfloor heating, the ther-
mal storage performance of ALC and finishing mortar must
be improved.One of themost effective alternatives is to incor-
porate a PCM, which is a latent heat storage material, into the
floor. The details of this solution are described in the follow-
ing sections.

2.2. Concept of a PCM Underfloor Heating System. Figure 2
shows the design of the PUFHS proposed in this study to
be applied in apartment buildings in Korea. Because of the
MOLIT standard for floor thickness andnoise between floors,
the concrete slab and cushioning material shall be the same
as before, whereas the ALC is replaced by mortar and PCM
in order to enhance thermal storage performance.

In this structure, 15mm of mortar, 10mm of PCM, and
15mmofmortar are sequentially installed over a concrete slab
and cushioning material. Afterward, a wire mesh and 40mm
of finishing mortar including hot water pipes are installed
over the cured mortar.

In this type of construction, the PCM can improve the
thermal storage performance of both ALC and finishing
mortar, and all stages of this process shall be the same as
before except for the PCM installation, which also results in
good constructability.

Although the MOLIT standard for light- and heavy-
weight floor impact sound requires testing and verification,
no additional building material is necessary if the standard is
satisfied. For this reason, the PUFHS proposed in this study
is applicable to both existing and new apartment buildings as
an alternative heating system in order to save energy.

2.3. Selection of PCMs for Underfloor Heating. The first step
in constructing a PUFHS is to select a PCM that can satisfy
the conditions of indoor temperature and underfloor surface
temperature for apartment buildings in Korea.

Based on the initial conditions of indoor heating temper-
ature (𝑇in), underfloor surface temperature (𝑇sur), and PCM
temperature, the surface temperature of each underfloor layer
can be calculated using (1), for which themathematicalmodel
is shown in Figure 3 [50].

�̇� =
𝑇pcm − 𝑇in
𝑅total

𝑅total = ∑𝑅cond + 𝑅sur

𝑅cond =
𝑙
𝑘 ⋅ A

𝑅sur =
1
𝛼 ⋅ A

𝑇mor = 𝑇pcm − (�̇� ⋅ 𝑅cond,mor)

𝑇sur = 𝑇mor − (�̇� ⋅ 𝑅cond,woo) ,

(1)

where A (m2), 𝑘 (W/m⋅∘C), and 𝑙 (m) represent the surface
area, thermal conductivity, and thickness, respectively. �̇� (W)
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Figure 1: Standard underfloor structures proposed by MOLIT.

is the amount of heat transferred from the PCM to the heated
space.

In addition, 𝑅total (∘C/W), 𝑅cond (∘C/W), and 𝑅sur (∘C/W)
are the total heat transfer resistance, thermal conductivity
resistance of the phase-change material, and underfloor sur-
face heat transfer resistance, respectively. 𝑇pcm (∘C), 𝑇in (∘C),
𝑇mor (

∘C), and 𝑇sur (∘C) refer to the temperatures of the PCM,
heat space, mortar, and underfloor surface, respectively. In
addition, 𝛼 (W/m2 ⋅ ∘C) is the total heat transfer coefficient
of the underfloor surface.

As for initial conditions, the indoor heating temperature
𝑇in and the underfloor surface temperature 𝑇sur range from

22 to 26∘C and from 28 to 30∘C, respectively, as proposed by
recent studies conducted in Korea [51, 52].

Table 1 provides the temperatures for each layer calculated
by applying these conditions.

When the indoor temperature 𝑇in was 22∘C, the temper-
ature of the PCM satisfying the proposed underfloor surface
temperature of 28–30∘C was calculated to be in the range of
38–45∘C. When 𝑇in was 26∘C, the result of the calculation
ranged from 32 to 39∘C.

As a result, the applicable temperature of the PCM that
satisfies the conditions of indoor temperature and underfloor
surface temperatures ranged from 32 to 45∘C.
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Figure 2: Design and characteristics of PCM underfloor heating system.
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Figure 3: Mathematical model for producing optimal PCM for PCM underfloor heating system.

However, as PCMs are not produced in Korea and only
some types of imported PCM are available, the types of PCM
that satisfy the results above are extremely limited.

Therefore, considering the market conditions in Korea,
the types of PCM applicable to underfloor heating have
relevant temperatures of 35, 37, 41, and 44∘C, and the thermal
storage performance of a PUFHS using these four types of
PCMswas evaluated by the experiments presented in the next
section [48].

3. Experimental Method

3.1. Phase-Change Material. Based on results determined by
the mathematical model above, PCMs with relevant temper-
atures of 35, 37, 41, and 44∘C can be used for the PUFHS, and
the details of each PCM are shown in Table 2 [48].

3.2. PCM Thermal Storage Container. In order to integrate
the selected PCM into the mortar, a container that can stably
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Table 1: Calculations of indoor underfloor surface and PCM
temperatures.

𝑇pcm
(∘C)

𝑇in
(∘C)

𝑇mor
(∘C)

𝑇sur
(∘C)

38.0 22.0 32.5 28.1
39.0 22.0 33.2 28.5
40.0 22.0 33.8 28.8
41.0 22.0 34.5 29.2
42.0 22.0 35.2 29.6
43.0 22.0 35.8 30.0
44.0 22.0 36.5 30.4
45.0 22.0 37.1 30.7
32.0 26.0 29.9 28.3
33.0 26.0 30.6 28.7
34.0 26.0 31.3 29.0
35.0 26.0 31.9 29.4
36.0 26.0 32.6 29.8
37.0 26.0 33.2 30.2
38.0 26.0 33.9 30.6
39.0 26.0 34.6 30.9

Figure 4: PTSCs embedded with PCM 35, 37, 41, and 44∘C.

perform thermal storage and discharge through a phase
change is required.

For this purpose, a PCM thermal storage container
(PTSC) was fabricated by incorporating the PCM into an
aluminum container with high thermal conductivity as well
as good corrosion resistance and durability within themortar.

After 1 kg of the solidified 10mm thick PCMwas incorpo-
rated into an aluminum container 200mm in width, 300mm
in depth, and 0.1mm in thickness, air was removed from the
aluminum container by a vacuum device, and the container
was sealed by a hot wire at a temperature above 200∘C [53].

Figure 4 shows the completed PTSCs embedded with
PCMs with relevant temperatures of 35, 37, 41, and 44∘C.

3.3. Experimental Module of the PCM Underfloor Heating
System. As shown in Figure 5, a small underfloormodulewas
fabricated to evaluate the thermal storage performance of a
PUFHS that uses PTSC.

For the purpose of comparison, the existing UFHS
module (number 1 in Figure 5) was made with a thickness
of 80mm, which included 40mm of ALC and 40mm of fin-
ishing mortar. On the other hand, the module of the PUFHS
proposed in this study (numbers 2–5 in Figure 5) was made
with a total thickness of 80mm, which included (sequen-
tially) 15mmofmortar, 10mmof PTSC, 15mmofmortar, and
40mm of finishing mortar.

Each module was fabricated using a wooden form
(300mmwidth× 400mmdepth× 200mmheight), and suffi-
ciently solidified PCM and mortar were used for experimen-
tal evaluation.

3.4. Boundary Conditions. As the main focus of this study
was to develop a PUFHS with a new underfloor design
incorporating a suitable PCM, the process of incorporating
a boiler and hot water pipes into the underfloor system was
excluded from this study.

Consequently, an alternative heat energy supply system
was needed; thus, we used a small constant-temperature
chamber (750mmwidth × 250mm depth × 650mm height).

As this chamber can control the supplied quantity of heat
over a range of 0–70∘C, a sufficient quantity of heat can be
supplied from the chamber to the underfloor system, similar
to that when hot water is used as the heat energy source [54].

In addition, a monitoring system was used to collect tem-
perature data during a set time period and to check the tem-
perature change in real time [55]. The detailed configuration
of the system is shown in Figure 6.

To compare thermal storage performance between the
existing UFHS and the proposed PUFHS, temperature sen-
sors were installed on the surfaces of the existing underfloor
module and PUFHS module in order to monitor the varia-
tions of surface temperature with time.

In particular, both the existing and PUFHS modules
were continuously heated at 46∘C, which exceeds the melting
points of all PCMs, so that the PCM could store as much
latent heat as possible.

After the underfloor modules were sufficiently heated,
the heat energy supply from the constant-temperature cham-
ber was stopped, and the decrease of surface temperature
between the two modules was compared.

The results of the experiments conducted under these
conditions are presented in the next section.

4. Results and Analysis

Figures 7–10 show the comparative results of temporal varia-
tion of surface temperatures between the existing underfloor
module and the PUFHS module embedded with PCMs with
relevant temperatures of 35, 37, 41, and 44∘C, respectively,
when the heat supply from the constant-temperature cham-
ber was stopped.

Figure 7 shows the analysis of surface temperatures of the
existing module and the PUFHS module embedded with a
35∘C PCM. After the heat energy supply from the constant-
temperature chamber was stopped, the surface temperatures
of bothmodules decreased very similarly for a period of time;
however, after approximately six hours, when the latent heat
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Table 2: Thermal characteristics of PCM in each temperature range [48].

Product name Chemical description Melting point Heat storage capacity
(∘C) kJ/kg (Wh/kg)

Celsius PCM 35 Organic PCM 35 208 (57.6)
Celsius PCM 37 Organic PCM 37 200 (55.4)
Celsius PCM 41 Organic PCM 41 200 (55.4)
Celsius PCM 44 Organic PCM 44 230 (63.7)

N
um
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r 2

N
um

be
r 3

N
um
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r 4

N
um

be
r 5

N
um

be
r 1

ALC 40mm

Mortar 15mm

Mortar 15mm

Mortar 15mm

Mortar 15mm

PTSC 35∘C 10mm

PTSC 37∘C 10mm

PTSC 41∘C 10mm

PTSC 44∘C 10mm

Mortar 55mm

Mortar 55mm

Mortar 55mm

Mortar 55mm

Mortar 40mm

Figure 5: Fabrication process of experimental modules for existing and PCM underfloor heating system.

of the PCM began to be discharged, the surface temperature
of the PUFHS was maintained at approximately 35∘C or
decreased gradually. In particular, the surface temperature of
the PUFHS did not decrease drastically, even after the latent
heat of the PCMwas exhausted.This was because the sensible
heat stored in the PCMwas discharged.The overall difference

of surface temperatures between the existing module and
the PUFHS module was calculated to be in the range of
approximately 0.7–2.9∘C.

Figure 8 shows the analysis result of the surface tem-
peratures of the existing module and the PUFHS module
embedded with the 37∘C PCM. Approximately four hours
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Figure 6: Construction of constant-temperature chamber and monitoring system.
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Figure 7: Surface temperatures of existing underfloor heating
system and PUFHS with PTSC 35∘C.

after the heat energy supply was stopped, the latent heat
discharge from the PCM started, resulting in approximately
1.3 to 4.4∘C of surface temperature difference between the
existing module and the PUFHS module. Although the same
types of organic PCMs were used, the 37∘C PCM discharged
sensible heat after a short period of latent heat discharge.
This was because the 37∘C PCM had less latent heat storage
capacity than the 35∘C PCM. In this case, a large amount
of PCM would be required in order to maintain a constant
surface temperature for a long period. Consequently, if this
were applied to a real building, the initial investment cost
would exceed those of other cases.

Figure 9 shows the analysis of surface temperatures of the
existing module and the PUFHS module embedded with the
41∘C PCM. Approximately four hours after the heat energy

Latent heat discharge

Liquid PCM

Solid PCM

Surface temperature of PCM underfloor heating system
Surface temperature of existing underfloor heating system
Air temperature

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 190
Time (hour)

15

20

25

30

35

40

45

50

Te
m

pe
ra

tu
re
(∘

C)

Surface temperature of PTSC 37∘C

Figure 8: Surface temperatures of existing underfloor heating
system and PUFHS with PTSC 37∘C.

supply was stopped, the latent heat discharge from the PCM
started, resulting in approximately 1.7∘C to 5.2∘C of surface
temperature difference between the existing module and the
PUFHS module. This case produced the largest difference
of surface temperature between the two modules in the
latent heat section of the PCM. Furthermore, the duration of
constant temperature caused by the latent heat was also the
longest in this case.

Finally, Figure 10 shows the analysis of surface tem-
peratures of the existing module and the PUFHS module
embedded with the 44∘C PCM. The difference of surface
temperatures between the existing and PUFHS modules was
approximately in the range of 0.7–4.1∘C. Approximately three
hours after the heat energy supply was stopped, the latent
heat was discharged. However, approximately one hour after
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Figure 9: Surface temperatures of existing underfloor heating
system and PUFHS with PTSC 41∘C.

the discharge, the surface temperature decreased drastically.
We assume that this is because the 44∘C PCM has a very
low latent and sensible heat storage capacity; thus, it had the
lowest performance for PUFHS among the candidate PCMs.

From the results of our experiment, we conclude that the
41∘C PCM is the most effective PCM that can be applied in
a PUFHS for apartment buildings in Korea, as it has a large
latent and sensible heat storage capacity and shows the largest
difference of surface temperature compared with the existing
module.

5. Conclusion

This study proposed a PUFHS for apartment buildings and
evaluated its performance through experiments, of which the
results are as follows:

(1) The structure of a PUFHS using the wet construction
method and hot water to reduce heating energy in
apartment housing is as follows:
A Concrete slab (210mm)
B Cushioning material (20mm)
CMortar (15mm)
D PTSC (10mm)
EMortar (15mm)
FWire mesh
GHot water pipes
H Finishing mortar (40mm)

(2) For apartment buildings in Korea, the temperature
conditions of indoor heating and the underfloor
surface range from 28 to 30∘C and from 32 to 45∘C,
respectively. The temperature of the PCM satisfying
these conditions is in the range of 32–45∘C.

(3) To integrate the underfloor structure and the PCM, an
aluminum container with good thermal conductivity,
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Figure 10: Surface temperatures of existing underfloor heating
system and PUFHS with PTSC 44∘C.

corrosion resistance, and durability can be used as a
PCM thermal storage container (PTSC).

(4) The types of PCM applicable to apartment buildings
in Korea are PCMs with relevant temperatures of 35,
37, 41, and 44∘C, among which the 41∘C PCM is the
most suitable because it has the largest latent and
sensible heat storage capacity and shows the largest
difference of surface temperature compared with the
existing underfloor module.

(5) The proposed PUFHS, which utilizes the wet con-
struction method and hot water, can be adopted as
a next-generation system to reduce heating energy
consumption and greenhouse gas emissions in apart-
ment buildings, which constitute approximately 65%
of residential buildings in Korea.
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To increase the heat capacity in lightweight construction materials, a phase change material (PCM) can be introduced to building
elements. A thermally activated building system (TABS) with graphite/PCM concrete hollow core slab is suggested as an energy-
efficient technology to shift and reduce the peak thermal load in buildings. An evaluation of heat storage and dissipation
characteristics of TABS in graphite/PCM concrete has been conducted using dynamic simulations, but empirical validation is
necessary to acceptably predict the thermal behavior of graphite/PCM concrete. This study aimed to validate the thermal behavior
of graphite/PCM concrete through a three-dimensional transient heat transfer simulation.The simulation results were compared to
experimental results from previous studies of concrete and graphite/PCM concrete.The overall thermal behavior for bothmaterials
was found to be similar to experiment results. Limitations in the simulationmodeling, which included determination of the indoor
heat transfer coefficient, assumption of constant thermal conductivity with temperature, and assumption of specimen homogeneity,
led to slight differences between the measured and simulated results.

1. Introduction

Modern lightweight construction designs, such as a curtain
wall or a steel-framed structure, inevitably have less heat
capacity than heavier materials. Furthermore, buildings with
a high window-area ratio and internal load can create
very high peak cooling loads, necessitating a technological
solution to shift and reduce the peak load [1]. A thermally
activated building system (TABS) is one such technologies to
shift and reduce peak load. It is a radiant heating and cooling
building system in which pipes embedded within themassive
concrete structure supply hot and cold water [2]. Since TABS
is capable of low temperature heating and high temperature
cooling utilizing new and renewable energy, it is considered
an energy-efficient HVAC system in green buildings.

For the application of TABS, a massive structure with
high thermal inertia, such as a concrete wall or slab, is
essential. Since the TABS is applied to a concrete structure

with large thermal capacity, the peak heating and cooling
load times can be shifted and the peak daytime load can
be reduced when integrated with a traditional all-air HVAC
system.However, in lightweight construction, the application
of TABS is more difficult due to lack of heat capacity in
the structure. To address this problem, a phase change
material (PCM) can be introduced which can increase the
heat capacity of lightweight construction such as deck-plate
slabs, concrete hollow core slabs, or external curtain walls.

Extensive research on latent heat storage methods using
PCM in buildings has been conducted [3–7]. Among the
methods explored is a high-performance shape-stabilized
PCM (SSPCM) that utilizes the impregnation of PCM into a
porous material. In some of this research, exfoliated graphite
nanoplate (xGnP) SSPCM, which performs the vacuum
impregnation of a specific type of PCM into xGnP materials,
is mixed with materials such as concrete and mortar [8–10].
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The heat storage and dissipation characteristics of TABS
using graphite/PCM concrete, which exhibit a phase change
temperature, are different from TABS in conventional con-
crete. Therefore, different operation strategies and design
guidelines for graphite/PCM concrete materials are neces-
sary. However, not much research has been conducted on
the performance of TABS applied to graphite/PCM concrete.
In addition, since PCM possesses different phase change
temperatures depending on type, it is important to find
the most appropriate PCM for the cooling and heating in
buildings. Computer simulations can effectively determine
the appropriate PCM and understand its characteristics.

To evaluate the cooling and heating performance of the
TABS, it is necessary to first understand various design
variables such as supply and return water temperatures and
heating or cooling loads. The validation of the simulation
results, to verify the accurate prediction of dynamic behavior
of the phase change material and its heat storage and dissipa-
tion characteristics, is necessary before these design variables
are determined by simulation. In particular, as the SSPCM is
mixed to concrete in the form of the graphite/PCM concrete,
the validation of a simulation model with experiment results
is important.

The intent of this study is to validate the simulation
model for prediction of the heat storage and dissipation
characteristics of the graphite/PCM concrete. For this, the
simulated results were analyzed and compared to exper-
imental data from previous study [10]. Additionally, the
major contributing factors affecting performance prediction
from simulation of TABS in graphite/PCM concrete, and
limitations of simulation, are discussed.

2. Thermal Properties of Graphite/PCM

2.1. Summary of Experiment for Validation. Liquid PCM can
be leaked from a building structure, owing to PCM’s charac-
teristic of solid-liquid phase change. SSPCM is a method for
stabilizing the liquid PCM, which impregnates the PCM in a
porous material. Various porous materials were used to make
SSPCM. Kim et al. [8] proposed the n-octadecane/xGnP
SSPCM and tested its thermal behavior. It can be manu-
factured by the vacuum impregnation of octadecane PCM
in xGnP, which uses a porous nanocarbon to enhance the
thermal conductivity of the PCM. In addition, Kim et al.
[11] provided the appropriate mixing ratio of concrete and
n-octadecane/xGnP SSPCM and tested the structural perfor-
mance of concrete mixed with n-octadecane/xGnP SSPCM.

Jeong et al. [10] conducted experimentswith graphite/PCM
concrete, in which 100 × 100 × 50mm cuboid specimens were
made of a concrete and a graphite/PCM concrete mixed with
10wt%, 20wt%, and 30wt% of SSPCM, as shown in Figure 1.
Heat plates were installed under the specimen to heat it to 40,
50, and 60∘C, and temperature sensors were installed at the
top, middle, and bottom of each specimen.

In this study, the experimental data were obtained for
the validation from the previous study [10], in which the
heat plate was heated to 40∘C in samples made of concrete
and graphite/PCM concrete mixed with 30wt% of SSPCM,
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Figure 1: Specimen of the experiment.

as shown in Figure 2. The heat plate was operated in the
heating mode for 4 h, followed by 20 h with the heating plate
turned off and cooling down. Measured temperatures at the
bottom were highest in both cases, due to proximity to the
heat plate. The measured temperatures at the top location
were lowest in both cases due to distance from the heating
plate and heat loss to the ambient environment. In the case
of the graphite/PCM concrete, temperatures were slower to
both increase during the heating period and decrease during
the nonheating period compared to conventional concrete.

2.2. Thermal Properties of Concrete and Graphite/PCM
Concrete. The specific heat of concrete and graphite/PCM
concrete is calculated from results of differential scanning
calorimeter (DSC) analysis [10]. The specific heat of each
concrete is shown in Figure 3. For conventional concrete,
the peak point of the specific heat was not shown in the
graph, indicating that concrete does not express a latent
heat storage characteristic. Graphite/PCM concrete shows
a rapid increase in specific heat in a temperature range
between 22 and 30∘C. The thermal conductivity and density
of each concrete were additionally measured [10] and are
shown in Table 1. The thermal conductivity was measured by
using a TCi for the additional specimen of concrete with a
design strength of 50MPa. The thermal conductivity of the
SSPCM itself was 1.36W/m⋅K, which is less than the thermal
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Table 1:Thermal conductivity and density of concrete and graphite/
PCM concrete.

Thermal conductivity Density
Concrete 2.01W/m⋅K 2.44 g/cm3

Graphite/PCM concrete 1.60W/m⋅K 2.01 g/cm3
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Figure 2: Experiment result of the surface and internal tempera-
tures.

conductivity of concrete, 2.01W/m⋅K. The average thermal
conductivity of the graphite/PCM concrete was 1.60W/m⋅K.
Likewise, the density was also measured. The density of the
concrete (2.44 g/cm3) was 17.6% higher than the density of
graphite/PCM concrete (2.01 g/cm3).

3. Validation of Heat Transfer Simulation

For the steady-state simulations of TABS, ISO 11855-Part
2 Annex D [12] documents the method for verification of
FEM and FDM simulation programs. In this document,
the boundary conditions, material properties, and TABS
model geometry are provided, and the calculated surface
temperature must be within 0.3 K and the calculated heat
flow within 3% of the values provided in Annex D tables
for acceptable verification. Similar modeling guidelines for
transient calculations of a TABS using PCMmaterials should
be developed and verified. Therefore, in this study, compar-
ative analysis between experimental and simulation results
was conducted for the simulation model of graphite/PCM
concrete with the same boundary conditions and thermal
properties as the experiment. Specimens of concrete and
graphite/PCM concrete as mentioned in Section 2 were
modeled in Physibel Voltra 7.0w [13]. The three-dimensional
transient heat transfer analysis using a finite differential
method was available in this program and shown to be reli-
able in prior research. However, validation of the predicted
thermal behavior in graphite/PCM concrete has rarely been
conducted. Therefore, by comparing the simulation results
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Figure 3: Specific heat of concrete and concrete with graphite/PCM.

with experimental results, the predictive capability of the
simulation model for graphite/PCM concrete was assessed.

3.1. Simulation Models for Validation

3.1.1. Description of Simulation Cases. Figure 4 shows the
simulation model, which is identical to the experimental
specimen in Section 2. The simulation was conducted using
two cases: a model of conventional concrete and one of
graphite/PCM concrete. The boundary conditions of the
simulationmodel for validation are divided into bottom, side,
and top parts, as shown in Figure 4 and Table 2.

The temperature measurement points are located at the
center of the top surface, the center of the bottom surface,
and the internal center of the specimens (see Figure 4). The
top surface temperature of the specimen was affected by
the indoor temperature and convective and radiative heat
transfer coefficients, while the bottom surface temperature
was affected by the temperature of the heat plate and the
contact thermal resistance between the specimen and the heat
plate.

The temperatures usedwere frommeasured values during
the experiment. The convective and radiative heat transfer
coefficient of the top surface was empirically determined for
more accurate surface temperatures by conducting prelim-
inary simulations. Similarly, other preliminary simulations
were conducted to determine an appropriate value for the
contact thermal resistance between the specimen and the
heat plate, as there is no relevant standard for this. Through
the preliminary simulations, when the simulated surface
temperature at the bottom point most closely approximated
the temperature of the experiment, the corresponding contact
thermal resistance was used. The resulting contact ther-
mal resistances at the bottom surface of the concrete and
the graphite/PCM concrete were set differently, 0.067 and
0.077m2K/W, respectively. In the experiment, the actual
contact thermal resistances between each specimen and heat
plate are highly likely to differ.

The thermal properties were derived from those of
Section 2. The measured indoor temperatures and heat plate
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Table 2: Temperature and heat transfer coefficient boundary conditions of the simulation.

Location Boundary conditions
Temperature Heat transfer coefficient/heat transfer resistance

Top surface of the model Measured indoor air temperatures (Figure 5(a)) (a) Concrete: 7.0W/m2K
(b) Graphite/PCM concrete: 7.0W/m2K

Side of the model Adiabatic None

Bottom surface of the model Measured surface temperature of the heat plate
(Figure 5(b))

(a) Concrete: 0.067m2K/W
(b) Graphite/PCM concrete: 0.077m2K/W

Boundary condition of the bottom surface

Boundary condition of the top surface

Boundary condition
of the side

5
0

m
m

100
mm

100mm

Figure 4: Simulation model.
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Figure 5: Heat plate and indoor temperature boundary conditions of the simulation.

temperatures were shown in Figure 5, which were used
as boundary conditions. In this way, the simulation could
reflect the heating and nonheating period the same as the
experiment.

3.2. Comparison of Heat Transfer Characteristics. Efforts to
simulate the heat storage and dissipation characteristics of
the graphite/PCM concrete were focused on determining
(1) whether the different thermal characteristics of concrete
and graphite/PCM concrete could be predicted to agree
reasonably with experiment and (2) whether the simulation
could accurately predict the specific thermal characteristics
resulting from the latent heat storage in the melting and
freezing temperature range of the graphite/PCM concrete.

For the first assessment, a comparison of the simulated
and experimental results for the top, middle, and bottom
points of the concrete and graphite/PCM concrete was con-
ducted as follows: First, the peak temperature, time to reach
peak temperature at each point during the heating period,
and time to reach ambient temperature during the cooling
period were determined and compared. Subsequently, the
mean absolute errors of the experimental and simulation
results in the heating period and the nonheating period were
calculated and analyzed.

For the assessment of predicted latent heat storage
characteristics, the temperatures at the middle point of the
graphite/PCM concrete were divided into five time zones
in accordance with the melting and freezing points of the
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Figure 6: Temperature distributions of simulation and experimental values for concrete.

SSPCM. Subsequently, the mean absolute errors between
measured and simulated values were analyzed for each of
these time zones. Temperatures at the middle point were
selected for analysis to minimize the influence of boundary
conditions and surface thermal properties.

3.2.1. Prediction of Thermal Characteristics for Concrete and
Graphite/PCM Concrete. Figures 6 and 7 show comparisons
of measured and simulated temperatures at the top, middle,
and bottom points of the concrete and graphite/PCM con-
crete specimens, respectively. In the case of the concrete in
Figure 6, the temperature curves were similar at all three
points. This was especially true at the middle point, while
some temperatures were seen at the top and bottom points.
These differences are attributed to the unknown surface
thermal properties such as the convective and radiant heat
transfer coefficients and the contact heat resistance. In the
case of the graphite/PCM concrete in Figure 7, temperatures
at the bottom and middle points showed good agreement

between simulation and experiment. The temperature dis-
tribution at the middle point differed somewhat during the
period of phase change, and this will be discussed later.

In both cases, the temperature distribution of the bottom
point was affected by the contact thermal resistance between
the specimen and the heat plate. This is an unknown for
which a valuemust be assumed during simulation, and hence
it is expected that there will be differences between the
experimental and simulated values.

The simulated temperature change at the top point
was different from the measured values in both cases. In
particular, the graphite/PCM concrete showed a greater
difference at the top compared to the two lower points.
The temperature at the top point was affected by not only
the phase change characteristics but also the radiant and
convective heat transfer coefficients of the top surface. The
radiant and convective heat transfer between the surface
of a specimen and surrounding surfaces such as walls and
ceilings is commonly influenced by several parameters such
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Figure 7: Temperature distributions of simulation and experimental values: concrete with graphite/PCM.

as the shape of the surroundings, interior air stratification,
and air velocity. Because convective and radiant heat transfer
coefficients between a heating and cooling surface and the
room have different physical behaviors and are calculated
with different reference temperatures, it is very important
to determine an appropriate reference temperature when
calculating the total heat transfer coefficient.However, during
experiment or in a real building condition, the indoor surface
heat transfer coefficient is difficult to measure, and design
values from references such as ASHRAE [14] are often
assumed. The observed top point temperature differences
likely result from this assumption.

Table 3 shows peak temperatures, time to reach peak
temperature, and time to arrive at the ambient temperature at
each point for the two material cases. In the case of concrete,
no significant difference existed between the experimental
and simulated values of peak temperature at themiddle point,
as they differed by only 0.5∘C. The peak temperatures at the
top and bottom point were higher from experiment by 2.9
and 4.5∘C, respectively, as the exact surface properties were

difficult to obtain for simulation. Regarding the time to reach
peak temperature, the simulation took 1min longer at the
lower point, 2min longer at the middle point, and 3min
longer at the upper point when compared to experiment.
Regarding the time to return to ambient temperature, the
difference between the experimental and simulation values
at all three points ranged from approximately 16 to 24min to
reach 22∘C.

In the case of graphite/PCM concrete, an insignificant
difference was seen between experimental and simulated
values of peak temperature at the middle point, 0.2∘C. The
peak temperature at the top and bottom points was higher in
experiment by 3 and 1∘C, respectively.The time to reach peak
temperature at all three points showed error ranging up to
2min. Regarding the time to return to ambient temperature,
there were differences of 14 to 21min seen between the
experimental and simulated values. These results indicated
that simulation used can effectively predict heat storage and
dissipation characteristics, except for locations affected by
surface thermal properties.
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Table 3: Comparison of thermal behaviors between simulation and experimental values.

Case Peak temperature Time to reach the peak temperature Time to reach the ambient temperature
Experimental Simulation Experimental Simulation Experimental Simulation

Concrete
Top 36.0∘C 38.9∘C 3.35 h 3.42 h 7.70 h 7.98 h

Middle 40.8∘C 40.3∘C 3.22 h 3.18 h 8.45 h 8.05 h
Bottom 46.9∘C 42.4∘C 3.08 h 3.10 h 8.88 h 9.15 h

Graphite/PCM
concrete

Top 31.7∘C 34.8∘C 3.95 h 3.98 h 9.52 h 9.75 h
Middle 35.7∘C 35.9∘C 3.97 h 3.98 h 10.23 h 9.87 h
Bottom 38.4∘C 37.4∘C 3.97 h 3.97 h 10.07 h 9.83 h

Table 4: Mean absolute error between experimental and simulation values.

Case Mean absolute error
Top Middle Bottom

Concrete
Heating period 1.3∘C 0.3∘C 1.3∘C
Nonheating period 0.4∘C 0.3∘C 0.3∘C

Graphite/PCM concrete
Heating period 3.1∘C 0.7∘C 1.2∘C
Nonheating period 0.7∘C 0.6∘C 0.5∘C

Table 4 shows themean absolute errors of the experimen-
tal and simulated values at each point of the two material
cases. For both cases, the temperatures at the middle point
expressed similar behavior. The absolute errors were 0.3∘C
for both the heating and cooling periods for concrete, while
for graphite/PCM concrete the mean absolute errors were 0.7
and 0.6∘C for the heating and cooling periods, respectively.
The mean absolute errors at the top and bottom locations
during the heating period were higher than the middle,
especially at the top of the graphite/PCM concrete.

3.2.2. Prediction of Thermal Characteristics due to the Latent
Heat Storage for Graphite/PCM Concrete. To evaluate the
predictive accuracy of heat storage and dissipation character-
istics for the graphite/PCM concrete material, the simulated
results were divided into five time zones, as shown in Figure 8,
based on the melting and freezing temperatures range [see
“a” and “b” in Figure 3]. During the heating period when the
temperature of the specimen is rising, “a” in Figure 3 refers
to the point at which the specific heat of the SSPCM starts to
increase, the melting point, while “b” in Figure 3 refers to the
point at which the specific heat returns to the normal range,
the freezing point. By contrast, during the cooling period
when the temperature of the specimen is decreasing, “b” in
Figure 3 refers to the melting point and “a” in Figure 3 refers
to the freezing point.

Table 5 shows the mean, maximum, and minimum
absolute errors of each time zone. 𝑡1 indicates the zone
from the start of the simulation to the freezing point of the
SSPCM during the heating period. In good agreement with
experimental values, the simulated values showed an exact
prediction of the SSPCM’s specific heat characteristics. The
average for the experimental and simulated values was 26.6
and 26.8∘C, respectively. The mean absolute error was 0.2∘C,
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Figure 8: Detailed temperature distribution at the middle point of
concrete with graphite/PCM.

which is the least of all five zones. 𝑡2 was started from the
freezing point of the SSPCM and reached toward the end of
the heating period. The experimental and simulated values
have average of 32.7 and 33.9∘C, respectively, with a mean
absolute error of 1.2∘C.
𝑡3 starts at the beginning of the cooling period and

ends at the melting point of the SSPCM. In this zone, the
average experimental and simulated temperatures were 33.0
and 33.3∘C, respectively, with a mean absolute error of 0.2∘C,
and similar temperature distributions are seen between the
two. 𝑡4 starts at the melting point of the SSPCM during
the cooling period and ends at the freezing point of the
SSPCM. Unlike 𝑡3, the distribution of experimental and
simulated values in 𝑡4 showed significant differences. The
averages of the experimental and simulated values were 27.3
and 26.6∘C, respectively, with an absolute error of 1.1∘C. The
temperature in the experiment was constantly maintained
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Table 5: Average temperature and absolute error for the middle point of concrete with graphite/PCM.

Time zone Experimental Simulation Absolute error (∘C)
Average Average Average Maximum Minimum

𝑡1 26.6∘C 26.8∘C 0.2∘C 0.6∘C 0.0∘C
𝑡2 32.7∘C 33.9∘C 1.2∘C 2.2∘C 0.2∘C
𝑡3 33.0∘C 33.3∘C 0.2∘C 0.5∘C 0.0∘C
𝑡4 27.3∘C 26.6∘C 1.1∘C 2.4∘C 0.0∘C
𝑡5 21.8∘C 21.7∘C 0.4∘C 2.1∘C 0.0∘C

Table 6: Surface heat transfer coefficients from [2, 14, 15].

Reference Category Total heat transfer coefficient
Heating Cooling

[2] (low temperature heating and high
temperature cooling, Guidebook number 7,
REHVA)

Surface type
Floor 11W/m2K 7W/m2K
Wall 8W/m2K 8W/m2K

Ceiling 6W/m2K 11 W/m2K
[14] (ASHRAE Ch. 26 Heat, Air, and
Moisture Control in Building
Assemblies—Material Properties)

Direction of heat flow
Upward 9.26W/m2K

Horizontal 8.29W/m2K
Downward 6.13W/m2K

[15] (Code for Energy-Efficient Building
Design in South Korea)

Surface type Floor/ceiling 11.63W/m2K
Wall 9.09W/m2K

at approximately 27.0∘C, which is the peak point of the
specific heat, while the simulated temperature showed a
gradual decrease within the melting and freezing range. At
the conclusion of time zone 𝑡4, however, the temperatures
had converged and hence the total dissipation times were
similar. 𝑡5 indicates the end of the experiment, with averages
of experimental and simulated values of 21.8 and 21.7∘C,
respectively, and a mean absolute error of 0.4∘C, in good
agreement.

3.3. Discussion. For the validation, it was difficult to set
boundary conditions identical to the experiment for the
thermal resistance of the bottom surface in contact with
the heat plate and the convective and radiant heat transfer
coefficient of the top surface in contact with the indoor
air. As a result, the top and bottom surface temperatures
showed larger differences between the experimental and
simulated values than themiddle point.This suggests that the
surface thermal properties significantly affected the thermal
behavior, and appropriate values should be determined when
predicting the thermal characteristics of the TABS through a
heat transfer simulation.

In a general simulation for a TABS, a convective and
radiant heat transfer coefficient of heating or cooling surface
is generally derived from existing references such as REHVA
[2], ASHRAE [14], or a national standard [15]. These refer-
ences provide the values for a heating or cooling surface as
shown in Table 6.

According to Jin et al. [16], which analyzed some equa-
tions for calculating surface heat transfer coefficients, the
main parameters for a convective heat transfer coefficient
are indoor temperature and velocity and a shape of the
surface and for a radiative heat transfer coefficient are the

surface area and temperature and the averaged unheated
surface temperature (AUST). For this study, the constant
value, 7.0W/m2K, was used for the top surface by conducting
the preliminary simulation. However, it can have limitations
for the prediction of acceptable surface temperatures because
the shape of the surface, the air velocity near the surface,
and the averaged unheated surface temperaturewere not fully
considered. This limitation is also shown in the heat transfer
coefficient of the bottom surface. Therefore, further study
should focus on determination of the proper surface thermal
properties in a simulation.

The middle point did not have the influence of nearby
surface thermal properties, and temperatures therewere quite
well predicted by the simulation.The simulated thermal char-
acteristics of concrete were very similar to the experimental
results in terms of the shape of temperature distributions.
In particular, the predicted temperature at the middle point
which is not affected by unknown surface thermal properties
was considered as accurate, with the mean absolute error
within 0.3∘C. The thermal characteristics of graphite/PCM
concrete were somewhat different from the experiment in
the melting and freezing range of the SSPCM, with a 2.4∘C
maximum difference and 1.1∘C mean difference.

These differences result from the thermal conductivity
and density and not the specific heat. In other words, the
thermal conductivity is generally entered as a constant in the
simulation, regardless of the temperature, while in reality the
heat conductivity varies depending on temperature. There-
fore, it can be assumed that a constant thermal conductivity
might have caused the observed differences in temperature
distribution of the model during periods of rapid change in
specific heat. Moreover, in this study, the thermal conductiv-
ity and density are measured using an additional specimen
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that is different from the experimental specimens and may
differ from the thermal conductivity and density of an
actual specimen. Unlike the simulation model that assumed
a homogeneous solid, the specimen in the experiment was
made up of different and inhomogeneous materials such as
gravel and sand, which might have partly affected the heat
storage and dissipation characteristics. Hence, for a more
accurate modeling of the SSPCM concrete in the future, the
effects of the input values of heat conductivity and density on
specific heat characteristics should be further analyzed.

4. Conclusions

This study aims to validate the thermal behavior of concrete
mixed with SSPCM through a three-dimensional transient
heat transfer simulation program. In this study, simulation
models of concrete and graphite/PCM concrete were com-
pared for prediction of the heat storage and dissipation char-
acteristics of graphite/PCM concrete. For this, the measured
and simulated results were compared and analyzed, and
major factors that affect the performance prediction through
the simulation of TABS in the graphite/PCM concrete and
limitations of the simulation were discussed. The results of
the study are as follows.

The verification results showed that the overall thermal
behaviors of both the experiment and simulation of con-
crete and graphite/PCM concrete were similar. Especially
for concrete, if boundary conditions can be matched with
experiment, fairly high predictive accuracy is expected.
However, at the top surface of graphite/PCM concrete,
difficulty in determination of the exact indoor surface heat
transfer coefficient led to larger discrepancies. Additionally,
the simulated temperature distribution during the phase
change period of the SSPCM also differed slightly from the
experimental values, since the thermal conductivity of the
graphite/PCM concrete was assumed as both homogeneous
and a constant value and yet will actually depend on the
material’s temperature. Other causes can include differences
in density and homogeneity of the specimen between the
experiment and the simulation.

As a further study, a heating and cooling performance
assessment for the TABS applied to graphite/PCM concrete
hollow core slab will be conducted using three-dimensional
heat transfer analysis. Furthermore, by conducting a sen-
sitivity analysis regarding the major variables affecting the
thermal characteristics of the graphite/PCM concrete, a
modeling guideline will be provided.

Competing Interests

The authors declare that they have no competing interests.

Acknowledgments

The authors declare that there is no conflict of interests
regarding the publication of this paper. This work was sup-
ported byMid-Career Researcher Program throughNRFgrant
funded by the MEST (no. NRF-2015R1A2A2A01004280).

References

[1] B. W. Olesen, “Using building mass to heat and cool,” ASHRAE
Journal, vol. 54, no. 2, pp. 44–52, 2012.

[2] REHVA, “REHVA Guidebook: High Temperature Cooling and
Low Temperature Heating,” 2010.

[3] N. Zhu, P.Hu, and L. Xu, “A simplified dynamicmodel of double
layers shape-stabilized phase change materials wallboards,”
Energy and Buildings, vol. 67, pp. 508–516, 2013.

[4] N. Zhu, P. Liu, P. Hu, F. Liu, and Z. Jiang, “Modeling and sim-
ulation on the performance of a novel double shape-stabilized
phase change materials wallboard,” Energy and Buildings, vol.
107, pp. 181–190, 2015.

[5] A. M. Thiele, G. Sant, and L. Pilon, “Diurnal thermal analysis
of microencapsulated PCM-concrete composite walls,” Energy
Conversion and Management, vol. 93, pp. 215–227, 2015.

[6] A. M. Thiele, A. Jamet, G. Sant, and L. Pilon, “Annual energy
analysis of concrete containing phase change materials for
building envelopes,” Energy Conversion and Management, vol.
103, pp. 374–386, 2015.

[7] G. Zhou, Y. Yang, X. Wang, and J. Cheng, “Thermal character-
istics of shape-stabilized phase change material wallboard with
periodical outside temperature waves,” Applied Energy, vol. 87,
no. 8, pp. 2666–2672, 2010.

[8] S. Kim, S. J. Chang, O. Chung, S.-G. Jeong, and S. Kim, “Ther-
mal characteristics of mortar containing hexadecane/xGnP
SSPCM and energy storage behaviors of envelopes integrated
with enhanced heat storage composites for energy efficient
buildings,” Energy and Buildings, vol. 70, pp. 472–479, 2014.

[9] S. Kim, S. Paek, S.-G. Jeong, J.-H. Lee, and S. Kim, “Ther-
mal performance enhancement of mortar mixed with octade-
cane/xGnP SSPCM to save building energy consumption,” Solar
Energy Materials and Solar Cells, vol. 122, pp. 257–263, 2014.

[10] S.-G. Jeong, S. J. Chang, S. Wi et al., “Energy efficient concrete
with n-octadecane/xGnP SSPCM for energy conservation in
infrastructure,” Construction and Building Materials, vol. 106,
pp. 543–549, 2016.

[11] H. S. Kim, H. W. Min, E. M. Ryu, and A. Y. An, “Compressive
strength of concrete mixed with phase change material (PCM)
under thermal changes,” in Proceedings of the 22nd Annual
International Conference on Composites or Nano-Engineering
(ICCE ’14), Saint Julian’s, Malta, July 2014.

[12] ISO, “Building environment design—design, construction, and
operation of radiant heating and cooling systems—part 2:
determination of the design heating and cooling capacity,” ISO
11855-2:2012, 2012.

[13] Physibel, Physibel VOLTRA version 7.0w Manual, 2011.
[14] ASHRAE, ASHRAE Handbook: Fundamentals, 2013.
[15] MOLIT, Code for Energy-efficient Building Design, South

Korea: Ministry of Land, Infrastructure and Transportation,
2016.

[16] H. S. Jin, J. H. Song, J. H. Lim, S. Y. Song, and K. W. Kim,
“Characteristics of convective and radiative heat transfer in the
ceiling of TABS,” in Proceedings of the CLIMA 2016, Aalborg,
Denmark, May 2016.



Research Article
A Study on the Effectiveness of the Horizontal Shading Device
Installation for Passive Control of Buildings in South Korea

Seok-Hyun Kim,1 Kyung-Ju Shin,2 Hyo-Jun Kim,1 and Young-Hum Cho3

1Department of Architectural Engineering, Graduate School of Yeungnam University, Gyeongsan 38541, Republic of Korea
2SINIL E&C, Daegu, Republic of Korea
3School of Architecture, Yeungnam University, Gyeongsan, Gyeongbuk 38541, Republic of Korea

Correspondence should be addressed to Young-Hum Cho; yhcho@ynu.ac.kr

Received 20 October 2016; Accepted 12 December 2016; Published 9 January 2017

Academic Editor: Geun Y. Yun

Copyright © 2017 Seok-Hyun Kim et al.This is an open access article distributed under theCreativeCommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In South Korea, the evaluation criteria for installing shading devices are defined by regulations, but the standards of designmethods
are not clearly established. The installation of shading devices has become mandatory for some public buildings due to revised
regulations. Therefore, a design of horizontal shading device is required, and indoor environmental problems which may occur
due to their installation should also be taken into consideration. This research aimed to propose a design which takes into account
the energy consumption which may occur if the horizontal shading device is installed and suggests an improved design method of
horizontal shading devices when they are installed. Consequently, it was confirmed that as the protrusion of the horizontal shading
device becomes longer, the incoming daylight is reduced and the indoor intensity of illumination becomes lower, and thus more
lighting energy may be consumed in a room where the shading device is installed than in the one where it is not. Therefore, annual
energy consumption was calculated by applying the lighting control and it was found that the total energy consumption decreased
by the reduction of air-conditioning and fans and lighting energy consumption.

1. Introduction

In 2013, the government of South Korea revised the “Frame-
work Act on Low Carbon, Green Growth” in order to
reduce such energy consumption, thereby establishing the
requirements for composition of green architectures. And
they legislated “The Support System for Composition of
Green Architectures” in order to realize low carbon green
growth and contribute to improving the welfare of the people
through the reduction of greenhouse gas emissions of build-
ings and expansion of green architectures. The government
has managed this new law through continuous revisions of it.

Recently, the insulation performance of windows has
become more important because the area of the window
at theee building envelope was increased. So, it has lower
performance than the insulation.Most efforts to improve this
performance have been based on thermal insulation and air
tightness, when actually the cooling load is affected by the
solar radiation transmitted through windows in buildings.
For energy saving, solar radiation should be blocked by a

shading device in the summer season. But the heat gain
through the window from solar radiation is required for heat-
ing energy saving in the winter season. Therefore, the con-
sideration of control device of solar radiation is required by
regulations and designers. The Korean government has pro-
vided guidelines and regulations for window installation.
Shading devices are defined by regulations in Korea. The
guidelines and regulations for reducing the energy consump-
tion in buildings are not perfect, and any study related to
windows must adhere to the guidelines and regulations of
the Korean government. The horizontal shading device has a
simple concept and easy installation procedure, considered to
be efficient in energy saving in building heating and cooling
energy consumption. Figure 1 shows the concept of horizon-
tal shading device installation.

This study analyzed and compared the indoor energy
consumption according to the performance of windows
installed on the outer walls of office buildings and analyzed
the indoor energy consumption concerning the installation
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Figure 1: Concept of horizontal shading.

of the horizontal shading device, one of the shading devices
which are currently installed mandatorily. Taking various
window-to-wall ratios and window performance differences
into consideration, the unit space was set, and the energy
consumption of the unit space according to the window-to-
wall ratios was calculated using simulation. In addition, the
calculated figure of the protruding length of each horizontal
shading device was applied, the indoor energy consumption
was calculated by means of simulation, and the results were
analyzed. By these results of analysis, this paper proposed
an elementary chart of design of horizontal shading device
installation.

2. Literature Review

2.1. Law and Regulation on the Solar Control Systems. “The
Support System for Composition ofGreenArchitectures” was
enacted to establish the requirements for the composition of
green buildings in accordance with the “Framework Act on
Low Carbon, Green Growth,” which realized the low carbon
green growth and contributed to improving the welfare of the
people through the reduction of greenhouse gas emissions
and the expansion of green buildings. The law was revised
and new provisions were introduced in 2015. Above all,
the provision which prescribes “the scope of buildings for
which the solar control façade system for blocking solar
radiation is mandatory” was newly established within “The
Support System for Composition of Green Architectures”
[1]. In addition, the provision concerning “the materials
of the outer wall which require the installation of shading
devices” was newly added to define the areas where the
installation of the solar control façade system is necessary
and it states that the materials prescribed by “The Support
System for Composition of Green Architectures” are glass or
plastic for lighting. This concerns the openings for incoming
daylight as well as common glass windows. This shows the
importance of energy saving related to the openings made
for natural lighting in buildings [2]. To determine the criteria
and methods of the conversion of existing architectures into
green buildings in accordance with “The Support System
for Composition of Green Architectures” and “Enforcement
Regulations of the Support System for Composition of Green
Architectures,” “Standards of Energy Performance Improve-
ment of Existing Architectures” was implemented in 2015.

The implementation of this new law shows the importance of
energy-saving efforts of the existing buildings [3]. In addition,
for the purpose of efficient energy management of buildings
in accordance with “The Support System for Composition
of Green Architectures,” the “Building Energy Conservation
Design Standards” has been revised in order to establish the
criteria for energy-saving designs concerning the prevention
of heat loss and the standards for writing energy-saving plans
and design review reports and determine the items related
to the relaxation of building standards for promotion of con-
struction of green architectures [4].The revised law states that
the solar control façade system, solar transmittance, and
window area ratio should be considered in a building design
in order to reduce cooling and heating loads due to incoming
solar heat and that if shading devices are installed, safety
should be reviewed against rain, wind, snow, or icicles and
accidents like a fire, and possible damage to the surrounding
buildings affected by light reflection should also be taken
into consideration. In addition, it states that the solar control
façade system should be installed as defined by the legal
standards so as to control the direct solar radiation which
reaches the window. This shows the need for the installation
of the solar control façade system for energy saving of build-
ings [4]. Shading devices are defined in the “Building Energy
ConservationDesign Standards” as follows: “They are devices
installed for the purpose of reducing solar heat coming
into the room and they are divided into external shading
devices, internal ones, and the ones between window glasses
according to the installation positions. They can be divided
into fixed ones and movable ones according to whether they
can be moved or not” [5]. The shading devices are part of the
solar control façade systems defined in the same regulations,
and their installation has becomemandatory for some public
buildings due to the regulations revised in 2015. A common
shading device refers to the one that creates a pleasant indoor
environment by controlling incoming solar radiation appro-
priately or blocking it, thereby reducing the cooling or heating
load of the room and selectively allowing natural lighting and
views. Although the daylight that comes through the window
glass contributes to heating load reduction in winter, it can
cause a significant increase of cooling loads in summer due
to the indoor heat gain acquired through solar radiation.
Therefore, it is possible to reduce energy consumption and
create a comfortable indoor environment by applying shading
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devices and complementing the weak points of windows in
summer [6].

2.2. A Review of Previous Studies on the Application of Hori-
zontal Shading Devices. Various studies were previously con-
ducted on shading devices, and the previous research can
be summarized as follows: Al-Tamimi and Fadzil [7] con-
ducted research upon the possibility of applying shading
devices in order to lower the temperatures of tropical high-
rise residential buildings. Focusing on the hot and humid
climate ofMalaysia and the indoor temperature control effect
for high-rise residential buildings, they analyzed optimal
external shading devices that can reduce incoming heat and
consequently optimize energy consumption, using simula-
tions. Kim et al. [8] conducted an energy simulation using
a computer model created for residential buildings in Korea
based on practicality in order to introduce optimal external
shading devices by conducting comparative research of ther-
mal performances of the external shading devices of residen-
tial buildings. Palmero-Marrero and Oliveira [9] investigated
the effect of a louvered sunshade system, evaluated the
performance of shading devices according to orientations and
situations, and analyzed the effects of the louvered sunshade
system which vary depending on diverse factors. Datta [10]
analyzed the energy consumption of buildings by means of
the TRANSYS simulation and conducted a comprehensive
analysis on appropriate shading device models in order to
investigate the effects of thermal performance fixed horizon-
tal shading devices applied to buildings. Kim et al. [11] ana-
lyzed the cooling and heating energy consumption of office
buildings in Korea when horizontal shading devices or Vene-
tian blinds were used and analyzed suitable shading devices
according to regions and orientations. Lee et al. [12] carried
out the research on climate index development using the local
weather data in order to make it possible to understand the
characteristics of the local climate in the early design stage
and confirm the validity of shading devices which can be
judged by the user. Kim et al. [13] evaluated cooling load
decreases by assessing the reduction of cooling loads in the
office buildings with a large cooling load in order to confirm
the effect of an efficient design of shading devices upon office
buildings. This study aimed to confirm that shading devices
are installed for the purpose of improving the visual comfort
of indoor building occupants by blocking excessive sunlight
and allowing adequate daylight to come through windows.
Tzempelikos and Athienitis [14] studied the control of shad-
ing devices for the cooling and lighting control of buildings
and provided guidelines on the performance of shading
devices and the design of the window glass ratio. They con-
ducted analyses for the purpose of providing the guidelines
on properties, shading control, and how to select the glass
ratio of the façade. Choi et al. [15] developed a parameter
design methodology that combines heat and the design
pyramid by performing a thermal analysis and investigating a
parameter designmethodology and conducted research upon
a parametric louver design system for optimization of the
shape of the louver. Karlsen et al. [16] developed a solar
shading control strategy for Venetian blinds applied on office
buildings in cold climates in order to achieve acceptable

energy use and indoor environmental performance. Khoro-
shiltseva et al. [17] proposed a multiobjective evolutionary
design approach for the optimization (m-EDO) of shading
devices which are part of the renovation kits of an existing
residential building in Madrid. Singh et al. [18] investigated
the effect of extended values of shade transmittance on energy
and visual performances of the office building. The study has
been conducted for Shillong, which can be considered as
representative of cold climates in India. Simulations of a num-
ber of glazing and internal roller shade combinations have
been performed for south, west, north, and east facing offices
with varyingwindow sizes, properties of glazing, and shading
devices. Eom et al. [19] distinguished between the periods
during which shading devices are required and the periods
during which they are not necessary by obtaining the Balance
Point Temperature using simulations, and they designed
shading devices on the basis of the periods separated in such a
manner. As a result, they proposed a specification for optimal
shading devices within the size range of shading devices,
which is determined by the solar altitude, and suggested
a quantitative basis for the projection length using annual
heating and cooling loads. Kim et al. [20] conducted the
analysis of annual cooling and heating loads and the sunshine
amount on the living room floor surface using IES 5.5.1 and
assessed the effects of movable horizontal shading devices in
order to evaluate the impact of a new type of movable hor-
izontal shading device on the indoor thermal environment
and solar access performance. Kim et al. [21] conducted the
evaluation of the shading coefficient applied to the energy-
saving building envelope technology of office buildings and
the loads of different types of horizontal shading devices
according to the orientations, using the e-Quest program, and
analyzed the envelope elements according to the orientations.
Kim and Yoon [22] performed a quantitative assessment of
the various façades considering the physical properties of the
envelope components which can be selected in the envelope
design, calculated annual loads especially with respect to the
combination of windows and fixed external shading devices
through simulation, and analyzed the design suitability. Song
et al. [23] conducted an analysis of full solar irradiation of the
vertical glass surface depending on the length of the horizon-
tal shading device according to the orientations concerning
the perimeter boundary in office buildings in Seoul, using
a building energy analysis program. Kim [24] conducted a
study for deriving improvement methods of solar radiation
control standards of windows and shading devices on the
basis of the analysis of our country’s and other countries’
related standards by analyzing the current status of energy-
saving design standards of buildings of major countries and
performing a comparative analysis of them with the national
standards and investigated complementary elements for the
national standards and necessary amendments of them.

Although such various studies on shading devices were
previously conducted, they were carried out before “The
Support System for Composition ofGreenArchitectures” was
amended in South Korea, so it is difficult to apply the results
of the previous studies to actual buildings so that they can
meet legal law standards. So, they do not consider applying
the shading device for energy saving to other buildings.
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Therefore, it is necessary to conduct research on the design
methods of shading devices that meet the revised legal
standards by performing analysis of the revised regulations.

3. Energy Consumption Saving Effectiveness of
the Horizontal Shading Device Installation

In case of large window size, the solar block effect by the
shading device was more important than in the case of
small window. For confirmation of the effectiveness of energy
saving, this study assessed the energy simulation and ana-
lyzed the simulation results. So, in this chapter, the authors
simulated nonshading device effectiveness and the shading
device effectiveness on the regulation level. This is the length
requirement of horizontal shading devices for recognition
of building permission. Because the purpose of this study
is to satisfy building permission, the shading devices must
meet the minimum protrusion length of horizontal shading
devices.

3.1. Simulation Modeling. A comparison of the performance
of windows and shading devices was conducted using COM-
FEN 4.1, which is a window and daylighting simulation
software program provided by Lawrence Berkeley National
Laboratory. COMFEN 4.1 is the façade design tool based on
the Energy Plus engine and provides a systematic evaluation
of various elevations of commercial buildings and offers a
simple user interface so that the user can create diverse façade
designs. Based on the Energy Plus engine, it offers the figures
of energy consumption, peak energy demand, and thermal
and visual comfort as a result with respect to a variety of
window designs and enables the user to select the optimal
window design by providing the results of each design case
in the form of a graph or table. Figure 2 shows the COMFEN
program interface.

In order to propose a design method, the target space
of the peripheral portion of the building was selected, the
simulation of the one-year period was conducted, and annual
energy consumption was calculated. The simulation input
conditions including the unit space and its size are presented
in Table 1. With respect to the selection of the unit space, the
depth of the room and the floor height were determined by
considering the average distance between the pillars and the
light environment on the basis of the figures derived from
the analysis of the current status of the architecture, and
the “Window Design Guidelines for Building Energy Savings
(2012)” was referred to during the process. This guideline
was published by the “Ministry of Land, Infrastructure and
Transport” in South Korea. So, the referenced guideline could
help the designer in the application for energy saving. This
study uses the weather data at Seoul in Korea. And this data
was provided by “The Korean Solar Energy Society.” Figure 3
shows the unit space modeling for the energy simulation of
BASE case.

3.2. Analysis of the Energy Consumption. BASE case refers
to the situation where the horizontal shading device is not
installed and simulations were conducted by applying the

Table 1: Unit space simulation information.

Content
Size of room 6m × 4.5m × 2.7m
Use of the building Office
Air-conditioning system Packaged single zone

Load conditions
Lighting load: 16W/m2

Equipment load: 10W/m2

People: 3

Table 2: Design elements for the selection of window simulation.

(a)

Content
Orientation East West South North
Window-to-wall
ratio (WWR) 10%∼80% 10%∼80% 10%∼80% 10%∼80%

(b)

Window type Type 1 Type 2 Type 3 Type 4
𝑈-value
(W/m2⋅K) 1.8 1.8 2.1 2.1

SHGC 0.4 0.6 0.4 0.6

four types of windows to each window-to-wall ratio. Simu-
lations were performed in this manner considering the fact
that all buildings do not use identical windows, and four
types of windows were selected by referring to the window
design guidelines. Applying the four types of windows to each
window-to-wall ratio, the annual energy consumption was
calculated, and then the averaged figure of energy consump-
tion for each window-to-wall ratio was calculated, and these
figures were compared. The design elements for the simula-
tion setup are presented in Table 2. So, the results are pre-
sented in Figure 4.

As a result of simulations, it was confirmed that the higher
the window-to-wall ratio, the greater the energy consump-
tion. Especially in case of 80% WWR, the difference of
energy consumption between east façade andwest façade was
confirmed as 27.91MJ/m2⋅yr (about 4%). And the case of
south façade and north façade was different, 113MJ/m2⋅yr
(about 18%). This was a phenomenon that occurred in all
orientations, and the fact that as the window-to-wall ratio
gets higher the energy consumption for cooling increasesmay
indicate that as the window becomes larger, the indoor heat
gain is increased, increasing cooling loads, and the cooling
energy consumption is increased.

3.3. Variation of Energy Consumption by Installation of Hor-
izontal Shading Device (Case 1). Installation of the shading
device for energy saving is done by various methods. But the
regulation of SouthKorea is to only limit theminimum length
of horizontal shading. So, the designer should keep the regu-
lation and guideline for advantage of approval.Therefore, the
authors consider regulation of installation of shading devices
in an office building. In this chapter, the authors calculated
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Figure 2: COMFEN.
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Figure 3: Energy simulation modeling by various WWR and orientation (BASE case).
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Figure 6: Plan view of permission range of horizontal shading device in regulation.

the length of horizontal shading through keeping regulation
of South Korea. Figure 5 presented an example of the
difference of horizontal shading device by various WWR.

In order to meet the legal criteria, it is necessary to
install the horizontal shading device whose solar heat gain
coefficient is 0.6 (the value calculated using the formula and
table presented in the Energy Performance Index) over south
facing and west facing windows. It is possible to get the solar
heat gain coefficient using the figure obtained by dividing
the protruding length of the horizontal shading device (𝑃) by
the length from the horizontal shading device to the bottom

end of the floodlight part (𝐻). In this study, the protruding
length of the horizontal shading device was determined by
assuming that a horizontal shading device was installed over
the window. Figure 6 explained the regulation detail about
horizontal shading device installation permission.

Depending on the height of each window, if the 𝑃/𝐻
value is 0.2 or higher, legal standards are satisfied for south
windows.The same is also true if𝑃/𝐻 value is 0.6 or higher in
case of west façade.Thus, the protruding lengths of horizontal
shading devices were calculated by the equation below, and
Table 3 shows the results. Hence,
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Table 3: Protruding lengths of horizontal shading devices in the south and west façade.

WWR Window height,𝑊 [m] Window width,𝐻 [m] The protruding length, 𝑃 [m]
South façade West façade

10% 1.4 1.2 0.24 0.72
20% 2.16 1.5 0.3 0.9
30% 2.7 1.8 0.36 1.08
40% 3.6 1.8 0.36 1.08
50% 3.9 2.1 0.42 2.1
60% 4.6 2.1 0.42 2.1
70% 4.7 2.4 0.48 2.4
80% 5.7 2.4 0.48 2.4

length of horizontal shading device (𝑃)
vertical length from horizontal shading device to end of window (𝐻)

,

𝑃 ≥ 0.2 × 𝐻,

𝑃 ≥ 0.6 × 𝐻.

(1)

The protruding length of the horizontal shading devices
which can receive the scores of the Energy Performance Index
was calculated for south and west windows. For south win-
dows, the calculated protruding length was practically appli-
cable, but in the case of west windows, the calculated protrud-
ing length to get the scores of the Energy Performance Index
was longer than 1m in some cases, so structural problems
may occur in practical application. In addition, theremay also
be a problem of indoor illumination because of reduction of
incoming daylight. However, since the energy consumption
was computed by simulation in this study, the indoor energy
consumption for one year was calculated by applying the
derived figure of the protruding length. The results are
presented in Figure 7.

As a result of the simulation, it was confirmed that the
higher the window-to-wall ratio, the greater the energy con-
sumption. The same results were obtained for west and
south windows, and the installation of the horizontal shading
device blocked the incoming solar radiation which increased
the cooling load of the room and made it possible to get
the Energy Performance Index scores. For west façade, the
energy-saving ratio was shown to be 2∼16% by increasing
WWR. In particular, the heating energy consumption increa-
sed by approximately 30.24MJ/m2⋅yr, the energy consump-
tion for cooling and fans decreased by about 75.52MJ/m2⋅yr
and by about 75.78MJ/m2⋅yr, respectively, and the total
energy consumption was reduced by about 124.06MJ/m2⋅yr
in case of WWR 80%. However, due to the excessive pro-
truding length of the shading devices, insufficient daylight
enters the room, and thereby the use of indoor lighting seems
necessary and structural problemsmay occur. In case of south
window, the energy-saving ratio was increasing by 1∼13%.
And the heating energy consumption was slightly increased
by about 9.40MJ/m2⋅yr, but the energy consumption for

cooling and fans decreased by about 49.10MJ/m2⋅yr and
by about 42.01MJ/m2⋅yr, respectively, and the total energy
consumption decreased by about 81.71MJ/m2⋅yr in case of
WWR 80%.

The horizontal shading devices must be installed at the
time of construction or remodeling of buildings and their
installation makes it possible to reduce the energy consump-
tion by lowering the cooling load. However, if excessive
shading devices result in the lack of sunlight coming into
the room, lighting energy is consumed and the energy-saving
effect is decreased.

The review of previous results showed that the solar heat
gainwas reduced by installing horizontal shading devices and
overall energy consumption was decreased. However, indoor
intensity of illumination may be reduced by blocking incom-
ing daylight. To verify this, indoor intensity of illumination
was examined by using the Daylight 3D Contour provided
by the simulation COMFEN 4.1. Simulations were performed
by differentiating window area ratios of 3D Contour so that
they became 20%, 40%, 60%, and 80%, and the results were
compared. When window area ratios were differentiated by
10%, the differences in the indoor illumination were not
noticeable, so they were differentiated by 20%. Since horizon-
tal shading devices are installed as the means for reducing
cooling loads of the summer months, July was set as the
simulation period.

It was confirmed by simulations that the higher the win-
dow area ratio is, the higher the indoor intensity of illumina-
tion is, and when the standard office illumination is consid-
ered in terms of the standard of intensity of illumination of
KS A 3011 : 1988, about 400∼600 lx is regarded as the proper
intensity of illumination,which is the brightnesswhich allows
us to see the keyboards in the office. In rooms with south
windows, it was bright in the morning, at noon, and in the
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Figure 7: Energy consumption saving rate by installation of hori-
zontal shading device (Case 1).

afternoon. In rooms with west windows, incoming daylight
was the greatest in the morning and in the afternoon, but the
use of lighting is considered necessary for the indoor working
environment in both roomswith southwindows and the ones
with west windows.

4. Improvement Suggestion about Design of
Horizontal Shading Device

4.1. Proposed Design of Horizontal Shading Device Including
Lighting Control (Case 2). When the horizontal shading
device that meets the legal criteria was applied, incoming
solar radiation was reduced and the indoor cooling load was
consequently reduced, but the indoor intensity of illumina-
tion was not appropriate for the work environment of the
person in the room. Therefore, lighting energy was used to
maintain a certain level of indoor intensity of illumination,
and consequently energy consumption occurred. In order
to resolve the indoor illumination problems caused by the
installation of horizontal shading devices, a method of light-
ing control was applied which makes it possible to reduce
lighting energy consumption while keeping the indoor illu-
mination suitable for the work environment of the person in
the office. As the lighting control method, Stepped Control,
which is provided by the simulation program COMFEN 4.1,
was selected. Stepped Control is a lighting control method in
which the input power is changed depending on the daylight
intensity and the intensity of illumination can be adjusted in
three stages. In order to conduct a comparison of the energy
consumption of Case 2, the case where the horizontal shad-
ing device is installed which can get the Energy Performance
Index scores, and the case where lighting control is added to
CASE 1, the simulation of Case 2 was performed. In order to
compare the energy consumption before and after applying
the lighting control, the energy consumption of Case 2 was
compared with that of Case 1 which involves the application
of the horizontal shading device which satisfies the regulatory
standards, and the results are presented in Figure 8.

Figure 8 shows that energy consumption reduced
through lighting control. In case of keeping the regulation
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Figure 8: Energy consumption saving rate by installation of hori-
zontal shading device and lighting control (Case 2).

about the installation of horizontal shading devices, the
designer should consider lighting control for energy saving.
So, the illumination of the roomwas enough. For that reason,
the energy consumption of lighting and the system energy
consumption of internal load were reduced by lighting con-
trol. Since the lighting energy consumption was just reduced
by the application of lighting control, the total energy con-
sumption was reduced by approximately maximum 29% in
south façade and 27% in west façade.

4.2. Proposed Design of Horizontal Shading Device by Green
Building Certification Criteria (Case 3). Not only for west
and south windows related to the scores of Energy Perfor-
mance Index, but also for east and northwindows, simulation
was performed to determine the effect of the installation of
horizontal shading devices. The derived protruding length of
the horizontal shading device is suitable for actual application
if the window faces south, but if the window faces west, a
structural problem may arise during the installation or the
room may become dark due to the reduction of incoming
daylight because the protruding length of the shading device
is longer than 1m.Therefore, referring to the Green Building
Certification Standards, the protruding length of the horizon-
tal shading device was calculated as presented in Table 4.

The shape of the window was designed in a common
rectangular shape of which the horizontal sides are longer
than the vertical ones, and the length of the horizontal
shading device applied to eachwindowwas determined using
the following formula:

𝑃 = 𝐻 ÷ tan𝐴,

𝐴 = Latitude − 90 + 23.7.
(2)

Here, 𝑃 is the protruding length of the horizontal shading
device, 𝐻 is the vertical height of the window, and Latitude
refers to the latitude of Seoul, 37.3∘.

Using the protruding length of the horizontal shading
device and the solar heat gain coefficient formula proposed
in the Energy Performance Index, it was checked whether
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Figure 9: Energy consumption saving rate by Case 3.

Table 4: Protruding lengths difference of horizontal shading devices
in the south façade.

WWR The protruding length, 𝑃 [m]
Case 1 [m] Case 3 [m]

10% 0.24 0.3

20% 0.3 0.4

30% 0.36 0.45

40% 0.36 0.45

50% 0.42 0.55

60% 0.42 0.55

70% 0.48 0.6

80% 0.48 0.6

the derived protruding length of the horizontal shading
device can meet regulatory standards and get points. Since
the points are currently given for south and west windows,
calculations were conducted for south and west windows,
and, consequently, it was confirmed that although no scores
can be acquired for west windows, it is possible to get points
in case of south windows for every window-to-wall ratio.
The protruding lengths of horizontal shading devices were
calculated again, and simulations were conducted for all four
orientations as explained above, and this simulation case was
referred to as Case 3 for convenience. In order to confirm the
effect of the installation of the horizontal shading device, a
comparison of the energy consumption of Case 3 and BASE,
the case where the shading device was not installed, was
conducted, and the results are presented in Figure 9.

The comparison of BASE and Case 3 showed that when
the horizontal shading device is installed, overall energy con-
sumption is reduced as presented in Figure 9. In other words,
when the horizontal shading device is installed, the case
of increasing WWR, the authors confirmed that the energy
consumption saving ratio was decreased. In case of north

façade, energy consumption saving ratio was confirmed to be
0.1∼1.3%. With these results, the effect of the shading device
installation was hard to expect in north façade. West façade
and east façade showed energy-saving ratios of 0.8∼7.6% and
0.9∼6.8%. So, the authors confirmed the effect of extended
horizontal shading device at the west and east façade.
Actually, the case of south façade was the most effective by
simulation results. The energy consumption saving ratio was
shown to be 0.6∼15.6% by difference of WWR. Although
the reduction of energy consumption by the installation of
the horizontal shading device was expected, blocking the
daylight entering the room may cause a problem in the
indoor intensity of illumination. Therefore, for the appropri-
ate indoor environment, indoor lighting control is required.

5. Conclusion

As a result of the revision of “The Support System for Com-
position of Green Architectures” in May 2015, it has become
necessary to get required scores for certain items of EPI
(Energy Performance Index) for buildings in relation to the
Design Standards for Building Energy Savings when some of
the public buildings with a total gross floor area of 3,000m2
ormore than 3,000m2 are built or remodeled in South Korea.
Although the current Energy Performance Index provides
evaluation methods for the installation of horizontal shading
devices, it does not describe the designmethods of horizontal
shading devices and does not present established legal criteria
for them. Therefore, this study proposed a method that may
be helpful when designing a horizontal shading device.

For each window-to-wall ratio, energy consumption of
the window without a horizontal shading device was ana-
lyzed.The higher the window-to-wall ratio was, the larger the
energy consumption was, but lighting energy consumption
was the same in cases of all window-to-wall ratios, and differ-
ences of heating energy consumption were minimal. How-
ever, it was confirmed that the energy consumption increase
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caused by the use of fans and air-conditioning resulted in the
increase of the total energy consumption.

Energy consumption was calculated both for the room
without the horizontal shading device and for the one with
the horizontal shading device after the protrusion length
which can get scores of the Energy Performance Index was
calculated and applied. Then, the figures of indoor energy
consumption were compared. The lighting energy consump-
tion was constant regardless of whether the horizontal shad-
ing device was applied or not, but heating energy consump-
tion increased due to the application of the horizontal shading
device. However, since the application of the horizontal
shading device resulted in blocking incoming solar radiation,
the amount of the decrease of energy consumption for fans
and cooling was higher than the amount of the increase of
energy consumption for heating, and the total energy con-
sumption was reduced. In addition, it was found that the
higher the window-to-wall ratio was, the greater the amount
of energy consumption reduction was.

Although it was confirmed that cooling loads and the
energy consumption for cooling and fans are reduced by
blocking incoming solar radiation if the horizontal shading
device is installed, the reduction of incoming solar radiation
may cause problems with the indoor illumination. Thus, the
illumination of indoor room was compared in the case of
no installed shading device and the case of installed shading
device. As a result, it was confirmed that as the protruding
length of the horizontal shading device becomes longer, the
incoming solar radiation is reduced, the indoor intensity of
illumination is lowered, and lighting energy consumption
becomes greater in the room to which horizontal shading
device is applied than in the room without the horizontal
shading device. Therefore, in this study, after the horizontal
shading device was applied, lighting control was additionally
applied and simulation was conducted. Consequently, it was
confirmed that the total energy consumption is decreased
since energy consumption is reduced by the application of the
horizontal shading device and lighting energy consumption
is additionally reduced by application of lighting control.

The current Energy Performance Index gives scores to the
shading devices for west and south windows. But in Chapter
9 of 2009 ASHRAE Handbook—Fundamentals, the “arrival
complaints” are said to be the worst immediately after the
office occupant comes to work in the morning because of the
thermal unpleasantness which occurs when they arrive in the
space. Since east windows also have the potential to reduce
cooling loads in addition to west and south ones, simulation
was conducted for the case where the horizontal shading
device is installed at the east window. As a result, it was found
that when a horizontal shading device of the same length was
installed over the east andwest window, the amount of energy
consumption was similar, and the amount of energy con-
sumption reduction was also similar. Therefore, it is thought
to be necessary to consider giving the Energy Performance
Index scores not only to shading devices for west or south
windows but also to those for east windows. On the basis
of such considerations, an improved design method of the
horizontal shading device was proposed.
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