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In the past 30 years, because of built-in advantages, energy saving, pollution control, and sustainability, the energy pile system has
had a rapid development around the world. Many scholars did numerous researches on the parameters’ optimization, heat
exchange efficiency, and structure-soil response. Also, the researches of evolutional GSHP system using high temperature in deep
mine and lager collection surface of tunnel lining were learned. At present, most of researchers are discussing the geothermal
collection for the heating or cooling the building, and plenteous and significant research achievements have been obtained. It is a
novel attempt to apply energy pile to geotechnical engineering, and good results have been achieved in engineering practice in
Northern China. The area of northern China is a typical seasonal frozen region: the high temperature in summer and the cold
weather and accumulated snow in winter will result in huge challenge and resource consumption of maintaince on highway
tunnel, pavement, and other geotechnical engineering facilities. In this paper, taking example of using the geothermal heat
exchanger to melt snow, the novel idea of using energy piles to prevent track in summer and crack in winter of pavement, and
guaranteeing the safety of frost crack on tunnel lining were discussed. Also, through simulation research, we propose a buried pipe
form with good heat transfer uniformity-spiral buried pipe, which has better engineering applicability. This shows us that the
application of energy pile in geotechnical engineering will provide solutions to geotechnical problems, which will have a
brilliant future.

1. Introduction

In the background of the global energy crisis, energy pile is a
form of green and sustainable energy utilization, or one of
the solutions to energy problems. At present, a large number
of scholars have conducted scientific research on energy
piles and formed a large number of research results.

1.1. The Development of Energy Pile. At present, the coal,
petroleum, natural gas, and other nonrenewable energy
forms are consumed rapidly, and energy crisis has become a
worldwide problem. Due to the more unreasonable energy
structure, this problem is more serious in China. Meanwhile,
in order to realize the social sustainable development,
harmonious development between the energy exploitation
and environmental protection and ecological balance are

required. So far, the clean energy system and energy-saving
system are becoming the direction of the world’s energy
development strategy. And as everyone knows, comparing
with the air temperature, the soil temperature is more stable
the whole year, and the changing of soil temperature with
depth in Beijing area is shown in Figure 1. As it can be seen,
when the soil temperature is within 6m, the monthly
temperature dispersion of soil is very large. When the soil
depth exceeds 6 m, the monthly temperature of the soil tends
to be close to 18°C. In the 1980s, considering the stable
temperature characteristic of soil, geotechnical engineers in
Austria and Switzerland creatively utilized building foun-
dations (concrete pile [1], CFG pile [2], and underground
diaphragm [3-5]) placed by the heat exchanger, to process
the heat exchange between fundamental components and its
host soil. This new geotechnical structure, which can achieve
the function of heat complementation between summer and
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FiGure 1: Change rule of soil temperature along with the depth.

winter, is the energy pile system. It is due to the preferable
heat conduction properties of concrete and larger heat ex-
change surface of foundation structure that the energy pile
has the better heat exchange efficiency than the traditional
geothermal heat exchanger. Research results showed that the
energy pile system could save more than 30% energy than air
conditioning system. Meanwhile, the heat exchanger pipe is
surrounded closely by pile foundation, the stability and
durability could be guaranteed, and the cost of energy pile is
also much lower than the traditional geothermal heat ex-
change system. Because of the built-in advantages, the en-
ergy pile system has achieved fast development around the
world.

1.2. Research Status of Energy Pile System. In the interest of
improving the heat exchange efficiency, many scholars
did numerous researches on the parameters’ optimiza-
tion. Bozis et al. evaluated the effects of design parameters
on the heat transfer efficiency and developed a meth-
odology for comparative estimation of design alternatives
of cast-in-place of energy piles [6]. Bandos et al. pre-
sented a finite cylinder-source model for simulating the
energy pile heat exchangers and studied the effects of
thermal storage and vertical temperature variations [7].
Moon and Choi contrastively analyzed the heating per-
formance characteristics of the ground-source heat pump
system with energy piles and energy slabs [8]. In addition,
there are also many other scholars who did the param-
eters’ optimization to improve the heat exchange efhi-
ciency [9-12]. Meanwhile, a number of scholars have
already did research on the thermal performance of
different coil types, and the research achievements were
listed in Table 1.

As shown in Table 1, the latest studies show that spiral
coil with the largest heat exchange surface of the fluid tube is
the optimal type of heat exchanger cast-in-place energy pile.
For the thermal efficiency analysis results, the spiral coils
type has the best heating and cooling performance, ac-
counting for near 150% thermal efficiency compared to
double U type [25].

Usually, concrete energy pile systems are comprised of
exchange fluid, metal pipe, concrete, and host soil, and the
structural diagram is exhibited in Figure 2 [27]. It is easy to
know that the thermal parameters of heat exchange medium
(mainly concrete and soil) would be the important impact
factor of thermal efficiency. So, many scholars begin to
research the backfill material with high thermal parameters
for replacing the soils with lower thermal parameters.
Delaleux et al. adopted the bentonite-graphite composites as
the backfill material to enhance the geothermal borehole
heat exchangers performances [28]. Coccia et al. considered
municipal solid waste landfills as a potential source of heat
for GSHP (Ground-Source Heat Pumps) [29]. Indacoechea-
Vega et al. analyzed the different behaviors of different
grouting materials (bentonite-based grouts and cement-
based grouts) for GSHP, by contrastively proceeding the
thermal conductivity, water/solid ratios, permeability, me-
chanical strength, and other tests [30]. Octon et al. simulated
the heat dissipation processes in underground power cable
system situated in thermal backfill and buried in a multi-
layered soil [31]. Li et al. researched the heat transfer per-
formance of the U-tube heat exchangers with different
backfill materials (shape-stabilized phase change materials
and crushed stone concrete) [32]. To achieve improvement
of the heat exchange efficiency, scholars have discussed the
parameters’ optimization, types of heat exchangers cast-in-
place energy piles, and the backfill material with high
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TaBLE 1: Research achievements on different types of heat exchangers cast-in-place energy piles.

Reference U-shaped Double U-shaped Triple U-shaped W-shaped Double W-shaped Spiral type
Park et al. [13] *
Zarrella et al. [14] v *
Go et al. [15] *
Zhang et al. [16] *
Xiang et al. [17] *
Go et al. [18] *
Lee et al. [19] *
Yoon et al. [20] * *
Wang et al. [21] *
Wang et al. [22] *
Park et al. [23] *
Zhao et al. [24] [ ] * *
Luo et al. [25] A v [ *

Zarrella et al. [26] [ |

becoming more and more serious. In China, the temperature

In_ Out T, T, T, T, in working faces at more than 700 m mining depth are

mostly larger than 35°C, the highest temperature is near

- 50°C, and the typical rock temperatures of deep mine are

] \ listed in Table 2.

It is easy to know that the working environment under

— high temperature not only has an effect on the mechanical

Fip C S property of host rock but also inflicts harm to the body

O health of worker. The high temperature environment would

4 reduce their ability of attention and reaction; sometimes,

\) these effects may lead to real accidents. According to the

FIGURE 2: Energy pile with U tube and its heat transfer medium
diagram.

thermal parameters. A series of mature and applicable
achievements were obtained.

For the energy pile, it is not only a heat-exchanging
system, but also a foundation structure, so it should meet the
double requirement of heat exchanging and supporting. The
research on different mechanical property of pile under the
cyclic action of cooling and heating is necessary. Surya-
triyastuti et al. studied the the temperature-induced me-
chanical behavior of energy pile foundations [33]. Park et al.
evaluated the thermal response and performance of precast-
high strength concrete energy pile by taking results of field
experiments and numerical simulation [34]. Besides, there
are also abundant researches on structural response between
pile and soil [35-44]. For the group of energy piles, scholars
and professionals in many countries also did the corre-
sponding research on the multiple interaction [45-47] and
mechanical response [48-51]. By studying the above ref-
erences, plenteous and significant achievements on the re-
search of energy pile system were realized, and it has been
widely used in green energy-saving buildings in China,
European countries, Canada, Japan, and other countries.

2. Evolutional GSHP System Use with
Geotechnical Engineering Structure

2.1. Geothermal Heat Extraction from Mines. With the de-
velopment of mining depth, the high temperature problem is

surveyed data by the former Soviet Union and Germany, the
labor productivity will decline by 6%~8% when the working
temperature is 1°C out of limit [52]. Based on the surveyed
data of 7 mines in Hokkaido, Japan, the results show that the
accident rate at working face under 37°C is 2.13 times that
under 30°C [53]. So it is very important to research the
technique of high temperature control and cooling. And
many scholars have done some research on how to cool deep
mine heat. He et al. adopted a high temperature exchange
machinery system (HEMS) to cool the high temperature and
control heat hazard in deep coal mines [54]. Plessis et al.
analyzed the variable speed drives for cost-effective energy
savings in South African mine cooling systems and found
that an annual cost saving of USD 6,938,148 and CO,
emissions reduction of 132 M ton are possible [55], and they
further researched the development and integrated simu-
lation of a variable water flow energy-saving strategy for
deep mine cooling systems at 2015 [56]. Apel et al. simulated
the effects of thermal insulating shotcrete on the energy
consumption of ventilation and cooling systems at deep
underground mines [57]. Chen et al. proposed a split-type
vapor compression refrigerator for heat hazard control in
deep mines [58]. With the developing and improving of the
studying about heat hazard in deep mines, some people have
realized that the high temperature is also an energy source
and also can be utilized. Guo et al. used the HEMS technique
to control the heat harm in Jiahe coal mine (Hunan prov-
ince, China) and extracted the deep geothermal energy to
replace the ground fired boiler for heating [59]. Ghoreishi-
Madiseh and Abbasy did the numerical and experimental
study of geothermal heat extraction from backfilled mine
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TaBLE 2: Rock temperatures of deep mine in Northern China.

Mines Geographical location

Measuring depth (m) Rock temperature ("C)

Dataigou iron mine
Linglong Gold mine
Lingnan Gold mine
Xiadian Gold mine
Sanshandao Gold mine
Xincheng Gold mine

Liaoning province
Shandong province
Shandong province
Shandong province
Shandong province
Shandong province

1250 41.4~43.0
1095 42.0~44.0
975 40.0
850 35.2
825 38.5
760 37.0~38.0

stopes [60]. Furthermore, Ramos et al. discussed the feasi-
bility of using abandoned mines for geothermal heat re-
covery [61]. Guo et al. present a geothermal recycling system
for parallel mine, where the collected heat can be used to
supply heat for buildings and domestic hot water [62]. The
schematic diagram of geothermal heat extraction from
mines is shown in Figure 3. Driven by the circulation system,
the heat exchange fluid circulates inside the mine, fully
contacts the surrounding high temperature rock and soil,
and extracts the heat for ground buildings.

2.2. Geothermal Heat Collection from Tunnel (Energy Tunnel).
To extract the heat from mine is utilization of deeper
geothermal resource, and for the shallow geothermal re-
source utilization, the researchers have noticed the tunnel.
Mimouni and Laloui estimated the geothermal potential of
heat exchanger anchors on a cut-and-cover tunnel, and the
numerical simulation results showed that the extractable
heat from the ground through the anchors ranges from 0.4
to 0.8 GWh per year and per kilometer of tunnel [63]. Barla
et al. discussed the application of energy tunnels to an
urban environment and investigated the possibility of
thermal activation of a new section underground con-
struction of the Metro Torino line 1 (Italy) to heat and cool
adjacent buildings [64]. Lee et al. introduced development
of energy textile to use geothermal energy in tunnels and
conducted a test bed of six pilot energy textile modules with
various configurations in an abandoned railroad tunnel in
South Korea [65]. Buhmann et al. summarized the German
experience with renewable energy concepts in tunnel
projects [66]. Lopez et al. evaluated energy consumption
and sustainability of road tunnels [67]. The typical tunnel
lining was equipped as ground heat exchanger as shown in
Figure 4. Through the pipeline buried on the lining surface,
the heat on the tunnel surface is collected to the heat
collecting pipe to realize the efficient utilization of geo-
thermal energy.

3. Geothermal Energy Resources in
Northern China

China has rich geothermal resources accounting for 8% of
total global geothermal energy reserve [68]. The distribution
of geothermal resources in China was consulted as shown in
Figure 5.

As shown in Figure 5, the main distribution of geo-
thermal resources is in Northern China, including the
Songliao Basin, Erlian Basin, North Basin, Ordos Basin,

Qaidam Basin, and Tarim Basin. The shallow geothermal
resource, which can be utilized by the energy piles, is also
very abundant. According to the shallow depth data (within
200 m) provided by China Geological Survey, an evaluation
on the shallow geothermal resources of 16 provinces in
Northern China was performed [70, 71]. The shallow geo-
thermal energy data in Northern China are listed in Table 3.
It is easy to learn that the shallow geothermal resources in
Northern China (16 calculated provinces) are about
31.32 x 10> kWh, equal to 3752 million tons of standard
coal. Considering the available shallow geothermal resource,
the value is more than 1.17 x 102 kWh, equal to 145 million
tons of standard coal.

4. Energy Piles Utilized in
Geotechnical Engineering

When solving geotechnical engineering problems, the
traditional engineering technical measures have the
characteristics of high pollution and high energy con-
sumption. Under the background of carbon peak, carbon
neutralization and green industrial revolution, huge green
and clean geothermal energy reserves, and the great de-
velopment of energy pile technology in the world, energy
pile has been vigorously promoted and applied in
Northern China. Combined with the geographical char-
acteristics of seasonal freezing area in Northern China,
specific application forms have been developed, such as
snow melting and deicing, realization of wide temperature
range of asphalt concrete pavement, and prevention and
control of frost heave and frost crack of tunnel inlet and
outlet lining.

In the northern China, there is a huge distance of air
temperature between winter and summer; the daily variation
of four seasons’ temperature in Beijing area is shown in
Figure 6. According to the Koppen classification, the climate
types in Northern China are mainly Dwb (cold dry winter,
warm summer) and Bsk (arid steppe, cold). In the past 30
years, the climate types in North China have changed sig-
nificantly [72-74], which is of great value in the utilization of
geothermal energy.

As shown in Figure 6, Beijing area is a typical seasonal
frozen region in China, where the lowest air temperature in
winter is about —15°C, the highest temperature in summer
can reach more than 35°C, and the cold weather and ac-
cumulated snow in winter and the high temperature in
summer will result in huge challenge and resource con-
sumption of maintaince on highway tunnels, pavements,
and other geotechnical engineering facilities.
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FIGURE 3: The schematic diagram of geothermal heat extraction in the Zhang Shuang-lou Mine [62].

FIGURE 4: Schematic representation of a segmental tunnel lining
equipped as heat exchanger [64].

4.1. GSHP System Used for Melting Snow. In Northern China,
the continuous low temperature may bring about the ac-
cumulated snow for several months; usually, the pavement is
icy. This accumulated snow and ice would cause the huge

hidden danger for the motion of the vehicle safety. Now, for
the snow and ice melting, numerous methods were proposed
by scholars. All the common methods could be classified as
chemical snow melting method and physical snow melting
method. The chemical method uses salt-storage aggregates
[75], sodium chloride [76], and other chemicals to melt the
snow and ice on pavement; however, chemicals usually have
a negative impact on the surround environment, and it is
corrosive to vehicles and roadside structures. The physical
method is utilization of natural heat or generated heat by
employing a conductive asphalt solar collector [77], carbon
fiber grille [78], copper plates [79], heating films [80], and
electric heating pipes [81, 82], to remove the accumulated
snow and ice. Although the above introduced methods could
melt snow effectively, the low efficiency or huge electric
energy consumption always restricts their wide application.
With the development of GSHP system, some scholars have
begun to study its practicability in melting of accumulated
snow on pavement. Pan et al. summarized a review on
hydronic asphalt pavement for energy harvesting and snow
melting [83]. Yildirim and Hepbasli analyzed the
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TaBLE 3: Evaluation of the shallow geothermal resources in Northern China [71].

. ) Total resource capacity Available resource capacity Benefit
No. Province or city L2 5 .
x10'* kWh Standard coal (Mt) x10° kWh Standard coal (Mt) Reduction of CO, (Mt)

1 Heilongjiang 3.31 407 124 15 0.40
2 Jilin 1.84 226 69.1 9 0.22
3 Liaoning 3.30 406 124 15 0.40
4 Hebei 2.32 285 87.0 11 0.28
5 Beijing 3.01 270 113 14 0.36
6 Tianjin 1.75 215 65.6 8 0.21
7 Inner Mongolia 1.80 221 67.7 8 0.22
8 Shanxi 1.67 205 62.7 8 0.20
9 Shandong 3.47 427 130 16 0.42
10 Henan 3.45 424 129 16 0.42
11 Shanxi 2.24 276 84.2 10 0.27
12 Ningxia 0.974 120 36.5 4 0.12
13 Gansu 1.21 149 45.5 6 0.15
14 Qinghai 0.16 20 6.00 1 0.02
15 Xinjiang 0.486 60 18.2 2 0.06
16 Tibet 0.330 41 12.4 2 0.04
Total in Northern China 31.32 3752 1174.9 145 3.79
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performance of snow melting using a GSHP system [84]. Xu
and Tan simulated the pavement snow melting systems
utilizing low temperature heating fluids [85]. Han and Yu
discussed the feasibility of geothermal heat exchanger pile-
based bridge deck snow melting system [86]. Wang et al.
performed the thermal analysis and optimization of an ice
and snow melting system using geothermal energy by
superlong flexible heat pipes [87].

4.2. Guaranteeing Pavement Safety Using Energy Piles.
The pavement asphalt is one of temperature sensitive ma-
terials; it will have different mechanical properties under
different outer circumstance temperatures. In some regions
of Northern China, due to the heat-trapping property of
asphalt, the surface temperature of pavement can reach 50°C
in summer, but this value is only —15°C in winter, and the
temperature difference can reach 65°C. Researches show that
dynamic modulus will reduce from 12,000 MPa to 100 MPa
under 0.01 frequency when the environment temperature
rises from —20°C to 54°C [88], as it can be seen in Figure 7.
Hence, the contradictory issues between track in summer
and crack of pavement asphalt in winter are especially se-
rious, as shown in Figures 8 and 9, respectively.

For the purpose of dealing with the above contradictory
problems, the traditional solving method is striving to de-
velop wide temperature range asphalt material [89-92].
Although many efforts have been done, most of researches
could solve the low temperature crack [93] and high tem-
perature track [94] very well separately. It is really difficult to
solve these contradictory problems uniformly. In the face of
this bottleneck, the other new approach could be explored.
Proceeding from that, taking example of GSHP system used
for melting snow, and comprehensively considering mature
and practical technique and higher thermal efficiency of
energy pile and rich shallow geothermal resource in
Northern China area, it is possible to implement the energy
pile into roadbed structure, to solve the seasonal tempera-
ture-induced contradictory problems on pavement. The
working schematic diagram of energy piles roadbed is shown
in Figure 10. The temperature of the circulating liquid is
increased through the vertical solenoid and then flows
through the horizontal buried pipe to heat the road surface,
so as to improve the road temperature and melt the snow in
the road area.
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FIGURE 7: Relationships between dynamic modulus and temper-
ature under different frequencies [85].

As shown in Figure 10, by using piles in composite road
foundation, the spiral coil with the largest heat exchange
surface of the fluid tube is the selected type of heat exchanger
cast-in-place energy piles. And taking advantage of good
thermal performance and protective layer, the pipes with
multi-U type were installed in concrete roadbed. The dy-
namic modulus of asphalt material (as shown in Figure 7)
has strong correlation with the environment temperature.
And the soil temperature changing law (as shown in Fig-
ure 1) indicates that the soil temperature is stable at 18°C
under more than 6 m depth. With utilizing the existing piles
in roadbed, the energy pile system can be installed. If the
energy piles system can change 30% of temperature dif-
ferences, the pavement temperature will be about 40°C in
summer and about —2°C in winter. So, under this situation,
most of the existing asphalt material can meet the tem-
perature requirements, which also means the energy pile
system could solve the contradictory problem of track in
summer and crack in winter on pavement.

4.3. Preventing Frost Crack Induced by Seepage Using Energy
Piles. Such as Chengde area in Northern China, there is rich
underground water in mountains, the low temperature will
freeze the underground water around open surface in
winter, and the lining at exit and entrance of tunnel will
suffer the frost heave force continually with supply under-
ground water. As time passes, a lot of tunnels’ linings at
position of exit and entrance are facing the water leakage
problems. The more serious problem is that the leaked water
will be freezing as the ice rapidly. A big block of ice will be
hung and accumulated at the roof and road surface, re-
spectively (as shown in Figure 11). It will be a huge potential
safety hazard for traffic safety.



FiGURE 8: Pavement crack in winter.

FiGURE 9: Pavement track in summer.

Also, using the energy piles system to collect the heat
from ground for heating the lining at both ends of tunnel,
the frost heave phenomenon could be avoided. And then, the
hanging and accumulating ice problem will be nonexistent.
This system is the reverse utilization of energy tunnel, as
shown in Figure 4: the heat collection structures are changed
as the heat sink structure, and the schematic diagram is
shown in Figure 12.

As shown in Figure 12, by using piles in tunnel lining, the
spiral coil with the largest heat exchange surface of the fluid
tube is the selected type of heat exchanger cast-in-place energy
piles. And taking advantage of good thermal performance, the
pipes with multi-U type were installed in concrete tunnel
lining; also these multi-U type pipes could replace the steel in
concrete tunnel lining. The soil temperature changing law (as
shown in Figure 1) indicates that the soil temperature is stable
at 18°C under more than 6 m depth. If the energy piles system
can keep temperature above 0°C, the problem of frost crack
induced by seepage could be avoided.

4.4. Simulation Study on Buried Pipe Form. Usually, we
adopt the form of several shaped buried pipes. However, in
engineering practice, we found that the heat transfer
uniformity of several shaped buried pipes is poor. When
the pipe spacing is large, the temperature at the center
between pipes is low. When it is applied to road snow
melting and deicing, it will cause uneven melting of ice and
snow; when the pipe spacing is small, the temperature near
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F1Gure 10: The working schematic diagram of energy piles roadbed
and laying pipes.

F1GURE 11: The hanging and accumulating ice at the roof and road
surface.

the buried pipe is high, which wastes resources. After
considering the above factors, the spiral buried pipe and
zigzag buried pipe form are designed to discuss better heat
transfer effect. The solid heat transfer and pipe heat transfer
module in COMSOL is used for simulation, and the results
are shown in Figure 13. The results show that the spiral
buried pipe has better heat transfer uniformity and better
engineering applicability compared with the zigzag buried
pipe.
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FiGUure 12: The working schematic diagram of energy piles tunnel lining and laying pipes.
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FIGURE 13: Pavement temperature distribution after 10 days of operation with buried depth of 0.5m. (a) Zigzag buried pipe. (b) Heat
exchange of zigzag buried pipe. (c) Spiral buried pipe. (d) Heat exchange of spiral buried pipe.

5. Conclusion and Discussion

In the recent 30 years, a large number of scholars have
conducted extensive and in-depth research on the energy
pile system. Through experimental research and numerical
simulation, from parameter optimization and heat transfer

efficiency to structure-soil response, they continuously
promote the application of energy pile system from theory to
engineering practice.

With the continuous development of ground-source
heat pump system, researchers introduced it into geotech-
nical engineering from the field of building energy
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conservation and applied it to deep mine geothermal col-
lection and tunnel lining surface heat collection, which
expanded the utilization forms of ground-source heat pump
system.

The area of Northern China has abundant shallow
geothermal resources. As a typical seasonal frozen soil area,
it is high in summer and cold in winter. The application of
ground-source heat pump system in geotechnical engi-
neering has obvious popularization and application value.
Hence, taking example of using the geothermal heat ex-
changer to melt snow, the novel idea of using energy piles to
prevent track in summer and crack in winter of pavement
and guarantee the safety of frost crack on tunnel lining was
discussed, to develop implementation of the energy pile into
geotechnical engineering. And through the simulation
study, compared with the zigzag buried pipe, it is found that
the arrangement form of spiral buried pipe has better heat
transfer uniformity and engineering applicability.
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In the photovoltaic inverter grid-connected power generation system, the output power of photovoltaic panels is affected by
illumination and temperature. The change of output power of photovoltaic panels will lead to the fluctuation of DC bus voltage. If
the control is improper, it will directly affect the regular operation of the system. In order to improve the performance of the grid-
connected inverter system, an active disturbance rejection control method based on adaptive extended state observer (ESO) is
proposed. Firstly, a feedforward PI current inner loop controller is designed, which simplifies the structure of the control system
and improves the tracking performance of the current. Then, the DC bus voltage outer loop ADRC is designed, and a conversion
method that ignores the essential difference between nonlinear/time-varying and time-varying/linear is proposed. Through the
conversion of time-invariant nonlinear system and time-varying linear system, the stability of the extended state observer is
proved by the Routh criterion. Secondly, to solve the problem of mutual restriction between the stability and observation accuracy
of the extended state observer, an adaptive function online automatic tuning ESO parameter method is proposed. Finally, the
simulation results show that the proposed method has better dynamic and static performance, and the grid-connected voltage and
current harmonics are small, which proves the correctness and effectiveness of the proposed method.

1. Introduction

Photovoltaic power generation has the characteristics of
environmental protection and efficiency, which is widely
used in the fields of electric power, agriculture, modern
architecture, and so on [1]. It has become a research hotspot
in the field of distributed generation of renewable energy.
The grid-connected inverter is the essential equipment to
connect photovoltaic array with power grid [2-4].

Since the output power of photovoltaic panels is affected
by illumination and temperature [5], the DC-side bus
voltage fluctuates, and improper control will directly affect
the normal operation of the system. The existing technol-
ogies and methods to improve the stability of photovoltaic
inverter grid-connected power generation system are mainly
studied from three aspects: circuit structure, filter circuit,

and control strategy. It is easy to induce resonance by using
the filtering method, and it is easy to be affected by power
grid impedance. The use of circuit structure leads to complex
circuit structure; by improving the control strategy, the
method becomes convenient, flexible, and low cost. The
control strategy is usually the DC bus voltage control al-
gorithm, controlled by the inverter. In the two-stage three-
phase photovoltaic grid-connected system, the former stage
is the maximum power point tracking control, and the latter
stage is the grid-connected inverter control. The grid-con-
nected inverter control is generally the bus voltage for the
outer ring and the current loop for the inner ring structure.
The inner current loop can be regulated by PI and PR [6, 7].

In order to improve the performance of bus voltage
control, scholars put forward sliding mode control [8],
model predictive control [9, 10], adaptive backstepping
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control [2, 11], two-degree-of-freedom control [12], feed-
back linearization control [13, 14], feedforward decoupling
control [15, 16], etc. These methods have achieved good
results, but they do not consider the external disturbance
problem and rely on the mathematical model of the system.
Reference [17] adopts an adaptive fuzzy approximation
strategy to control grid-connected inverter, but its learning
algorithm relies on data information. Reference [18] in-
troduces fuzzy control based on deadbeat grid-connected
control, but the determination of fuzzy rules requires ex-
perience. In reference [19], particle swarm optimization
(PSO) is used to optimize the grid connection design, but the
local optimization performance is poor. In reference [20],
the cascade control strategy of a fractional-order PID
photovoltaic grid-connected system is adopted, but its pa-
rameter tuning is difficult.

The core of active disturbance rejection control (ADRC)
is that the uncertain factors acting on the controlled object
are regarded as “unknown disturbance,” and it is observed
and compensated with the input and output data of the
object. It breaks through the limitations of “the absolute
invariance principle” and “the internal model principle”
[21-23].

In recent years, the theory and application of active
disturbance rejection control (ADRC) have attracted the
attention of scholars. They have been successfully applied to
chemical, aerospace, electromechanical, power systems, and
other systems. The nonlinear active disturbance rejection
control of the photovoltaic energy storage bidirectional DC-
DC converter is proposed [24]. In [25], the proportional
differential link is introduced into the linear extended state
observer to improve the disturbance rejection of the system.
In reference [26], to improve the performance of a three-
phase current controlled voltage source inverter, LADRC-
based active damping control was proposed. In [27], a
method to control the bus voltage of wind power inverter
using improved second-order LADRC was put forward.
Although these methods improve the disturbance rejection
of the system, there are still some problems, such as chat-
tering in steady state, complex stability analysis, and mutual
restriction between stability and accuracy of extended state
observer.

In this paper, a current inner loop feedforward PI con-
troller is designed for the two-stage photovoltaic grid-con-
nected inverter control system to improve the current
tracking performance. An active disturbance rejection control
strategy based on adaptive ESO is proposed to improve the
disturbance rejection of the voltage outer loop. The design
uses an adaptive function to automatically adjust the pa-
rameters of ESO online to achieve the effect of large error and
small gain and small error and large gain. The method im-
proves the stability and observation accuracy of ESO and
solves the contradiction between the stability and observation
accuracy of nonlinear ESO. On the other hand, aiming at the
difficulty of nonlinear ESO stability analysis, a method of
transforming the time-invariant nonlinear system into the
time-varying linear system is proposed. It is more convenient
for stability analysis. Finally, simulation experiment results
show that the proposed method is effective and feasible.
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2. Mathematical Model of Three-Phase
Photovoltaic Grid-Connected Inverter

The two-stage three-phase photovoltaic grid-connected
system is composed of solar photovoltaic cells, DC/DC
converter circuit, and DC/AC inverter circuit. The front
stage uses a boost circuit to track the maximum power point
of the solar photovoltaic array, and the backstage uses a
three-phase full-bridge inverter circuit to complete the grid-
connected inverter from DC to AC. Each bridge arm consists
of a power switch tube and a diode. The main circuit
structure of the system is shown in Figure 1.

C is bus capacitance in the figure; S;; (i = a,b,¢, j = 1,2)
are switching tubes; u,, u,, and u_ are output voltages of the
inverter; i,, i, and i, are output currents of the inverter; e,,
ey, and e, are network voltages; and i, is the first-stage
output current.

According to Kirchhoff voltage law (KVL), the dynamic
voltage equation of PV grid-connected inverter is expressed
as

.-dl'a-
dt
-R 0 017114, u,—e,
diy, 1
“21==1 0 -R 0 [|i |[+]|un,—¢ | (1)
dt I b b~ €
0 0 -RILi, U, —e,.
di,
L dt

When the three-phase grid voltage is stable and sym-
metrical, the inverter side currents i,, i,, and i., grid
voltages e,, e,, and e, , and inverter output voltages u,, u,,
and u,_ are selected as state variables. Through 3/2 trans-
formation, the mathematical model of grid-connected in-
verter in af8 stationary coordinate system is obtained as

follows:
d ia R 0 ia ea utx
L— + = - , (2)
dr | .
'l LO RILtg] Lepl Lug

where u,, ug andi,, ig are the components of inverter output
voltage and current on the af axis and e, and eg are the
components of grid voltage on the «f axis.

Through the 2s/2r rotation transformation, the mathe-
matical model of the AC side of the grid-connected inverter
in the dg synchronous rotating coordinate system is

di

ud:Rid+Ldt

wLiy + ey,
(3)

. di, .
u, = Riy + LE+ wLiy +eg,
where R and L represent the equivalent resistance and
inductance of the grid and w is the angular frequency of the
AC network.
According to equation (3), let the state equation of the
AC side of the grid-connected inverter be
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FIGUre 1: Two-stage PV grid-connected inverter topology.

1
X, = I (uy — Rx, + wLx, —e,),
(4)

X, = %(uq - Rx, —wLx, - eq).

3. Design of Controller

The control system adopts double closed-loop control,
which is primarily composed of internal and external loop
controllers, phase-locked loop (PLL), voltage (current)
transform (abc/dg), static/rotary transform (dg/ef}), and
pulse generator. The outer loop adopts the active disturbance
rejection controller (ADRC), and the inner loop adopts the
PI controller with feedforward compensation. The control
structure diagram is shown in Figure 2.

3.1. Design of Inner Loop Controller. From equation (3),

diy ; .
LE =Uy— Rld + leq — €4
(5)
di
q _ . .
LE =u, - Ri, —wli; —e,

For the controlled object shown in equation (5), if the
grid current is used as the feedback of the current loop and
the feedforward PI controller is adopted, the control
equation is obtained:

o
ld -

. i . .
uy =k, (ig —ig) +k; 4 te,—wLij+Ri,

s
(6)

L
9

* L q . .
ug —kp(zq zq)+ki +e, + wLiy + Ri,,

where k,, and k; are proportional and integral gains of
current inner loop PI regulator, respectively, and u; and u]
are the components of the modulation voltage of the inverter
on the dq axis.

It is generally considered that uj and u} are approxi-
mately equal to u; and u_; therefore, by combining equa-

tions (5) and (6),

Y

PWM  [Sw S S

Generator] ¥ T

' ]

FI1GURE 2: Block diagram of control system structure.

k‘ . ki ok
<L5+?’+kp>zd(5) :(kp+;)zd (s). (7)
The closed-loop transfer function is presented as
i (s k,+k;ls k,s +k;
Gi(S)Zd()_ P p (8)

iy(s) T Ls+ k, +kls - Ls + kys+ ki'

3.2. Design of Outer Loop Controller. The outer loop adopts
the active disturbance rejection controller (ADRC), and the
control block diagram is shown in Figure 3. TD is the
differential tracker, LECL is the linear error control law, and
ESO is the extended state observer.

From Figure 3, G,(s) is the transfer function of the
power electronic converter, and its expression is

ug (s) ks
ij(s) Tes+1

G (s) = 9)

The generalized object transfer function of ADRC is
kps +k; k, .
LS +kys+k; Tes+1

G,(s) = (10)

Because T, is small, according to the engineering design
criterion [28], equation (10) is approximated as a second-
order system with uncertainties, which can be constructed as
shown in the following equation:

k

G,(s) =
P s +as+a,

+ A(s). (11)

The differential equation of the system in the form of
equation (11) can be expressed as

y=f(y,y,)+bu=-a,y—a,y+&+bu, (12)

where y is the system output; & is the external disturbance;
u is the system input; g, and a, are the controlled system
parameters; b is the control gain; and f(y, y,§) is the
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synthesis of the internal and external disturbance. Most
systems (a,, a,,and b) are difficult to obtain accurately; let
the second-order system be expressed as

j =d+byu, (13)

where d = f(y, y,&) + (b—by)u is the total disturbance to
be observed and b, is known.

Let x;, =y, x,=y, x3=f(y, 0,6t)=—a,y- a,y +
&+ (b -by)u, and the equation of state can be obtained as
follows:

X = Xy,
X, = x5 + byu, (14)
= f (360 = w).
The following nonlinear tension state observer is
designed for system (14), and its differential equation is

€e=z;-%

zy =2z, — Py

Z, = z3 - Pp.fal (e, a;) + byu,

2y = —Pyyfal (e, ),

where fB,;, By,> and B,; are the gains of nonlinear tensor
state observer and fal (e, a) = |e|“sign (e).

The nonlinear tensor state observer is asymptotically stable
by adequately selecting f,, S, and fy; . That is to realize the
real-time tracking of x;, x, and x;, namely,z; — x,,
Z, — X5, and z; — x5. Let

(15)

—Z3 + U
b

u= (16)

Then, the second-order system can be transformed into

an integral series type in the following form:
y=d+byu=f(y, 98+ (b-by)u+byu=zy+byu = u,.
(17)

The following control law is adopted:
. k;

uo:kp(r—zl)+kd(r—zz)+:(r—zl), (18)
where r is the reference signal. Let ¥ =0, and because

z; — yand z, — y, the closed-loop transfer function of
the system is
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jbzkp(r—zl)+kd(r'—z2)+Jki(r—zl)dt

(19)
=k1(r—y)—k2y+Iki(r—y)dt,
ks’ +k.s+k,
}’(S):3d 2p i X (20)
r(s) s ks +k,s+k
¢Pid(s):s3+kdsz+kps+ki.
(21)

It can be concluded from equation (21) that if the output
variables of nonlinear tension state observer are asymp-
totically stable, the stability of the system depends on k,, k;,
and k.

3.3. Estimation Error Analysis of ESO. Let e, =z, — x,,
e, =2, —X,,e; = Z; — X3, and equation (14) can be written
as

21 =% =2 = Py (21— X)) =%, = €, = e, — Pyrey,
2y = Xyl = 23— Ppfal (ey) + bou — x5 — byu = é; = &5 — Pyyfal (ey),
Z3 — %3] = —w(t) — Psfal(e;) = é; = —w(t) — Pysfal(e,),

(22)

where fal (-) is a smooth and continuous function, which can
be regarded as a linear function in any small neighborhood
of its independent variable. It is considered that fal(-) is
composed of countless linear functions. When the observer
order is the same as the object order, the principle of ig-
noring the essential difference between the nonlinear/time-
varying and time-varying/linear proposed in this paper is
used. The parameter time-invariant differential equation in
equation (22) is equivalent to the parameter time-varying
differential equation. That is, the constant coefficients f3;,
Boz» and 5 in equation (22) are converted into time-varying
coefficients B, (t), By, (t), and B, (t), and fal (e, ) is replaced
by e,; then, equation (23) can be obtained.

€, = e, — Py (tey,
€, =e;— Py, (tey, (23)
é; = —w(t) — Pos ()ey.
Let By, () = Bor> oz (1) = :8(;2’ and fy; (t) = /3(;35 it can be
obtained from equation (23) that

& =€ =Zl - X1

& =, — Poier =2, — X%, — Pyiey (24)

& =¢€3 _/5(;261 = Bo1€1-

The derivation of equation (24) can be obtained as
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gl=¢ =2,- By (Z1 _x1) —xX, =€ =€, — Poe; =&,
& =€, — P06 =2, — X — Ppi€; = €5 _ﬁézel = Boré1 = &
&l =¢é;— /5(;2‘51 - /50151 =é;— ﬁ62é1 - ﬁm (éz - ﬁo1é1)>

| = —Bo1&s — Bozta — Boser —w (1)

When w(t) = 0, the Laplace transform of the third line
of the above equation is

$* 4 Bors” + Poas + Bos = 0. (26)

From the Routh stability criterion, it can be concluded
that the sufficient and necessary conditions for the stability
of the system are that By;, By,, and f3y; are all greater than
zero. Furthermore, under the condition f;,® By, > f;» the
zero solutions of the system e, (f) = 0,e,(t) = 0,and e; (¢) =
0 are globally asymptotically stable.

When the disturbance w(t) is considered, it is bounded,
ie, |lw(t)|>w,, and the system has a steady-state error.
From the final value theorem, the following equation can be
obtained:

w,
<
v <7

Bo1wo
7 >
Bos
Boawo
—
Bos
It can be seen that when f3,,, f3,, are smaller and fg; is
larger, the observation errors of state x;, x, and x5 are
smaller. However, the stability should meet the requirements

of By ®Boa>Bos so the parameter tuning of the observer
needs to be comprehensively considered.

le, ()] < (27)

les (1)] <

3.4. ESO Adaptive Extended State Observer. From the above
analysis, it can be obtained that the stability of the extended
state observer is directly related to the stability of the
system. The larger f3; is, the shorter the estimation time is
and the smaller the steady-state error is. However, if 3, is
too large, the estimated value will not converge. Besides, f,
and By, affect the transition process and stability of state
estimation, and too large values can also cause estimation
instability. Therefore, this paper adopts the adaptive
function tuning method, and the designed parameter
tuning function is

B=A+B-eHarD), (28)

where A is the minimum base value, B is the dynamic
extremum, and A is the attenuation coefficient.

The function has the characteristics of a small function
value when the error is significant and an enormous function
value when the error is small so that the extended state
observer converges quickly and the steady-state error is
small. The problem of mutual restriction between observer

(25)

stability and observation accuracy with constant parameters
is avoided.

4. Simulation Research

To verify the effectiveness of the grid-connected inverter
control algorithm proposed in this paper, the simulation
model of the photovoltaic grid-connected inverter is built by
using MATLAB/Simulink simulation software. The model is
connected to a 35kV power grid through a DC-DC boost
converter, three-phase inverter, and three-phase coupling
transformer. The system’s main circuit is shown in Figure 1,
and the system control structure is shown in Figure 2. For
the front stage boost circuit, the “incremental con-
ductance + integral regulator” technology is used to realize
the maximum power tracking of the PV cells. The primary
parameters of the main circuit are summarized in Table 1.

The parameters of the extended state observer and the
linear error control law are shown in Table 2.

Figure 4 shows the setting curves of light intensity and
temperature.

To verify the superiority of the control algorithm pro-
posed in this article, the simulation experiments of the
voltage loop controller are PID, ADRC with constant pa-
rameter ESO, and ADRC with adaptive ESO, respectively.
The inner current loop controller parameters under the three
outer loop control modes are as follows: k, = 0.3, k; = 30.
Figure 5 shows the DC bus voltage curves under the action of
different controllers. Figure 6 shows the response curves of
adaptive ESO and ordinary ESO.

From Figure 5, it can be obviously seen that the over-
shoot of adaptive ESO active disturbance rejection control is
small and the response time is short before the disturbance is
added. When the disturbance is added, the DC bus voltage
fluctuation of adaptive ESO active disturbance rejection
control is small and restored quickly to the expected value.

It can be seen from Figure 6 that the adaptive ESO
observation has the advantages of smooth observation state,
small fluctuation, and fast convergence compared with the
constant parameter ESO. The reason why the initial ADRC
has small overshoot and fast response is that the differential
tracker (TD) effectively arranges the transition process. At
the same time, since the adaptive ESO active disturbance
rejection control adopts online parameter self-tuning, which
effectively realizes the effect of large error and small gain and
small error and large gain. Therefore, the state observation is
smooth and has fast convergence and good disturbance
rejection.

Figure 7 shows the A-phase voltage and current curves of
ADRC with adaptive ESO, ADRC with constant parameter
ESO, and PID control, respectively.
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TABLE 1: Primary parameters of the main circuit.

Parameters Value Unit
Rated output power 100 kw
Bus capacitance 100 uF
Open-circuit voltage 500 v
Inductance 0.25 mH
Resistance 0.002 Q
Grid frequency 50 Hz

TaBLE 2: Parameters of the controller.

Parameters Value
ﬂol 1
By 20 + 15 . e300
Bos 10 + 10 - e(-30lz1-5D
Ko 20
ki 800
ku 0.1
60
. 1000 = T T T T T
R gor / :
Z 400 E 0k 4
=200 g2 1 1 1 1 1
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FIGURE 4: Setting curve of light intensity and temperature change.
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FIGURE 5: Response curves of the DC bus voltage.

It can be seen from Figure 7 that compared with ordinary
ADRC, the improved ADRC has a smaller initial response
current fluctuation frequency and faster current regulation

speed. It only needs about 1.5 cycles to quickly realize that the
output current and voltage of the grid-connected inverter are in
phase, indicating that the grid-connected inverter can operate
with high power factor. However, the PID control takes a long
time to adjust and requires two cycles. The output current of the
grid-connected inverter cannot be in phase with the grid voltage
quickly, and the output current has burrs and is not smooth.

In order to further compare the control performance,
harmonic analysis is carried out on the output A-phase
voltage and current of the inverter. Tables 3 and 4 show the
harmonic analysis of A-phase voltage and current controlled
by ADRC with adaptive ESO, ADRC with constant pa-
rameters ESO, and PID.

From Tables 3 and 4, it can be seen that the basic wave
amplitude of the output voltage of the grid-connected inverter is
2.792 * 10%, and the total harmonic content of the voltage is
0.02%. The basic wave amplitude of current is 2.237, and the
overall harmonic content of current is 1.68%. The basic wave
amplitude of the output voltage of the conventional active
disturbance rejection control grid-connected inverter is
2.789 % 10%, and the total harmonic content of the voltage is
0.02%. The basic wave amplitude of current is 2.236, and the
overall harmonic content of current is 1.74%. Besides, PI control
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(c) u, and i, response curves of the PID control.

conclusion can be drawn that the proposed control strategy of
grid-connected inverter output current and voltage of the total

grid-connected inverter output voltage fundamental wave am-
plitude is 2.789 * 10%, and the overall voltage harmonic content
is 0.08%. The basic wave amplitude of current is 2.358, and the
overall harmonic content of current is 9.33%. Therefore, a

harmonic content is small, better than the traditional ADRC and

PID control.
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TaBLE 3: Harmonic analysis comparison of phase A voltage.
Controllers Fundamental (50 Hz) THD (total harmonic distortion) (%)
Improved ADRC 2.792 % 10* 0.02
LADRC 2.789 % 10* 0.02
PI 2.789 % 10* 0.08
TaBLE 4: Harmonic analysis comparison of phase A current.
Controllers Fundamental (50 Hz) THD (total harmonic distortion) (%)
Improved ADRC 2.237 1.68
LADRC 2.236 1.74
PI 2.358 9.33

5. Conclusions

This paper considers the influence of uncertain factors such as
light intensity and temperature changes and combined with
the strong anti-interference ability of active disturbance re-
jection control. Aimed at the above characteristics, a control
method of active disturbance-rejection grid-connected in-
verter based on adaptive ESO is proposed. In this method,
adaptive function online automatic ESO tuning parameters
can achieve fast and accurate state observation estimation.
The following conclusions are obtained through experiments:

(1) This method equates the time-invariant differential
equation to the parameter time-varying differential
equation, so that it is convenient to use the Routh
stability criterion to analyze the stability of the
nonlinear extended states.

(2) The ESO parameter tuning function is designed to
realize the online self-tuning of ESO parameters,
eliminate the contradiction between the stability of
ESO with constant parameters and the observation
accuracy, improve the observation performance, and
increase the stability of ESO.

(3) Compared with the traditional active disturbance
rejection and PID control, this method has better
dynamic and static performance and strong ro-
bustness under external interference.
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This review presents the existing state-of-the-art practices of indoor environmental quality (IEQ) in naturally ventilated school
buildings and is mainly focused on the components of IEQ like thermal comfort, indoor air quality with ventilation, and visual and
acoustic comfort. This article also discusses the impacts of COVID-19 on naturally ventilated school buildings, highlighting the
obviousness of dynamic applications that concentrate on reducing COVID-19 effects in naturally ventilated school buildings. The
importance of the concerned issues and factors are discussed in detail for future research direction. This review is a step toward the

development of the IEQ standard for naturally ventilated school buildings.

1. Introduction

1.1. Overview. In developing countries, people are likely to
spend more of their time indoors. People spent approx 90%
of their total time indoors [1]. People spend about 65% or
more of their time at their homes, depending on various
factors such as age, gender, job type, indoor comfort, and
indoor environmental quality [2]. Based on these findings,
the indoor environmental conditions are important for
learning, health, wellbeing, general working patterns, and
economic growth. As per the National Building Code of
India Part IV-2016 [3], buildings are classified into nine
types, namely, residential, educational, institutional, as-
sembly, business, mercantile, industrial, store, and hazard-
ous. Educational buildings like schools, universities, and
colleges are some of the most important buildings where
one-fifth of the world population spends more than 30% of
their time [4, 5]. The quality of learning and performing
various tasks are directly related to the indoor environ-
mental quality (IEQ) of any building. Good IEQ in

educational buildings enhances the health and the learning
capabilities of students and increases productivity and ef-
ficiency [6]. However, most of the IEQ studies done in India
and around the globe focus on residential and comme-
buildings [7], whereas research studies on school buildings
are scarce in India. The overall indoor environmental quality
of a regularly occupied space in the long term is determined
by ergonomics, indoor thermal comfort, electromagnetic
radiation level, quality of indoor air, acoustic comfort, hy-
giene, visual comfort, furniture-space layout, micro/macro-
organisms, and aesthetics [8, 9]. According to the National
Institute for Occupational Safety and Health (NIOSH) 2013
[10], IEQ is defined as “the quality of a building’s envi-
ronment concerning the health and wellbeing of its occu-
pants and includes aspects of design, analysis, and operation
that lead to energy-efficient, healthy, and comfortable
buildings.”

There is a direct relationship between the building’s
indoor conditions and an occupant’s health. Factors such as
poor maintenance, bad IEQ, and building age will lead to
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worsening of the building’s condition and have a negative
impact on the occupant’s health. Educational buildings with
poor IEQ can reduce the concentration and performance of
occupants. Fromme et al. [11] discussed the positive effects
of good IEQ on the teaching and learning process in students
and teachers. IEQ affects occupant’s confidence, perfor-
mance, absenteeism, learning outcome, and job satisfaction
[12-16]. Carlopio and de Dear et al. [17, 18] explained how
poor job satisfaction can lead occupants to leave a job.
Building IEQ interacts dynamically with its user and affects
them physiologically and psychologically [19-21]. The un-
healthy buildings, in the long run, are very harmful to their
users and can cause illness and various types of disease.
Clinically, it is defined as building-related illness (BRI) and
sick building syndrome (SBS) [22]. BRI symptoms can be
clinically defined and have identifiable causes, whereas
symptoms of SBS can be seen in occupants for a short
duration, but the cause of symptoms is not known.
Symptoms associated with BRI are chest tightness, fever,
chills, cough, and muscle ache, and symptoms of SBS are eye,
throat, or nose irritation; headaches; dry or itchy skin; dry
cough; nausea and dizziness; fatigue; odors’ sensitivity; and
difficulty in concentration. Most of the SBS complaints
report relief after leaving the building, while BRI complaints
require a long duration for recovery. The causes of SBS are
inadequate ventilation, outdoor-indoor chemical and bio-
logical contaminants, etc. All the causes of BRI and SBS are
directly related to the IEQ of a building; thus, it becomes
more important to study the IEQ in school buildings
[22-25]. Catalina and Ioardache [26] focused on enhancing
the demand for IEQ studies in school buildings. School
buildings include preschool (kindergarten), primary school
(elementary school), upper primary (middle) school, sec-
ondary school, and senior secondary school. Different
schools have different age groups of students, which is
presented in Figure 1. The National Education Policy 2020
[27] has modified the Indian educational structure recently,
which is also presented in Figure 1. In India, approximately
1.4 million schools are owned and run by the government
[28]. The majority of Indian school buildings are naturally
ventilated (NV) and mixed-mode ventilated schools are
minimum.

1.2. Objectives of the Study. Indoor environmental quality
(IEQ) inside a building is the key element to make a building
suitable for human habitation, learning, and working. The
IEQ in naturally ventilated school buildings is an important
component because students in the age group of 3-18 years
spend an ample amount of time (4-7 hours) in schools.
Based on the prior state of the art, the research area of NV
school buildings is in the premature stage and needs further
research on IEQ. And more so, IEQ is a major challenge in
the COVID-19 scenario for sustainable indoor environ-
ments in naturally ventilated school buildings. It is affecting
the performance and health of the inhabitants. The IEQ
study is a necessary component in the area of school building
research for the wellbeing and better performance of the
students.
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Therefore, the main aim of this article is to identify the
necessity of IEQ in NV school buildings during the COVID-
19 scenario for maintaining the IEQ and also to suggest the
future research direction. The objectives are as follows: (i) to
understand the existing knowledge of IEQ and comfort in
NV school buildings and (ii) to identify research and data
gaps in the developed knowledge and propose future re-
search related to IEQ in NV school classrooms.

The paper contains a general introduction of IEQ and
school buildings in the first section. The second section
explains the review methodology adopted. The IEQ in NV
school buildings is discussed in detail with all its compo-
nents in the third and fourth sections. The fifth section
describes COVID-19 impacts on NV schools. The sixth
section contains a combined discussion and conclusion with
some key ideas for future work focusing on providing better
IEQ in NV school buildings.

2. Methodology

A four-stage procedure is adopted for the creation of this
review. The four stages are presented in Figure 2.

For identification, a preliminary survey for an up-to-date
published review article is performed. According to the
preliminary survey, an outcome research criterion is fixed
and important keywords for the NV school buildings are
identified. These are: IEQ, thermal comfort, indoor air
quality, teacher performance and productivity, lighting and
illumination, acoustics in schools, sick building syndrome,
building-related illness, ventilation, and integration of
daylight. For the literature review, Web of Science, IEEE
Access, Research Gate, Academia, and Google Scholar are
used. Standards and reports are collected from official
websites. In the classification stage, preclassification is done
based on abstracts. Irrelevant articles are discarded from the
review. All the included articles are read full and articles
falling out of criteria are removed. After detailed analyses of
the articles reviewed, as shown in Figure 3, all the ideas
generated through the understanding of existing knowledge
are organized and linked together to form a systematic
review, which is then followed by a conclusion and future
directions.

2.1. Indoor Environmental Quality. Healthy and comfortable
life is the topmost priority of every building user. Corre-
sponding to health and wellbeing, the quality of a built
environment for its occupant inside a building is referred to
as indoor environmental quality. IEQ involves a series of
complex trends that merge Indoor Air Quality (IAQ), noise
disturbance, occupant density, indoor lighting, daylighting,
ventilation, room temperature, cleanliness, indoor humidity,
and ergonomics. All these factors add up and we call it IEQ
as a whole; it simply defines the importance of building
engineering in molding the health of building occupants
living or working inside. The main IEQ components are
thermal comfort (TC), visual comfort (VC), indoor air
quality (IAQ) (including ventilation), and acoustic comfort
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Country
e . hool Primary school Secondary school
ursery schoo!
Y Key stage 1 ¢ Key stage 2 Key stage 3  : Key stage 4
Us Pre-KG KG Elementary school Middle school High school
1st-5th grade 6th-8th grade 9th-12th grade

Age 0o 1 2 3 4 5 6 7 8 9 10 11 12 13 1a 15 16 17 18 ]
(years)
India Preprimary Primary Upper primary | Secondary seg(e)rrllié);ry
(OEP) 1st-5th grade 6th-8th grade 9th-10th grade |11th-12th grade
India Foundation Preparatory Middle Secondary
(NEP) Angangzldviaiieaschool 1st-2nd grade 3rd-5th grade 6th-8th grade 9th-12th grade
China Kindergarten Primary school Junior middle Ser.nor middle

secondary school high school

*OEP - Old education policy
#*NEP - National education policy

FIGURE 1: Structure of the educational system of different countries.

FIGURE 2: Four stages for review.

(AcC). There are no IEQ codes specifically for schools but
some related codes are included in Table 1.

In NV schools, productivity, concentration, and effi-
ciency are increased due to good IEQ conditions, and
health impacts are the least on students and teachers.
Students and teachers spend approximately half of their
total indoor time in school buildings majorly in classrooms.
In the majority of cases, there is a shortage of funds for
providing a better indoor environment in schools globally.
NV schools of urban areas are more prone to poor IAQ and
excessive noise conditions. Most of the schools are situated
near markets or surrounded by busy surroundings in urban
areas. The balance between low noise and good air cir-
culation in the classroom through an open window is
difficult to achieve in a noisy and polluted urban envi-
ronment. Schneider [39] studied the relationship between
relative humidity in school buildings and student absen-
teeism patterns. The study indicated that when the hu-
midity is more, more students feel sick and fungal growth is
also increased.

Hanushek and Rivkin [40] explained that teachers work
for less salary and even perform better if the IEQ is good
inside classrooms. Becker et al. [41] and Fisk et al. [42]
explained that good IEQ can lead toward large economic
benefits, reduced health issues, and annual productivity
gains. Studies show that poor IEQ has various long- and
short-term health impacts on building occupants [43]. Poor
IAQ can lead to severe health issues such as allergies,
headaches, nausea, dizziness, asthma, and other respiratory
and cardiovascular diseases [44, 45]. In addition, conditions
such as bad thermal comfort (<16°C and >33.7°C) [46], poor
acoustics (background noise>35db and reverberation
time > 0.7 seconds) [38], and improper lighting (inadequate,
i.e., <200 lux or excessively bright, i.e., >500 lux) [30] could
increase the stress level in an occupant’s body and increase
health risks like sleep disorder, concentration loss, amnesia,
digestive problems, anger, etc. Studies considered in this
review are depicted in Table 2.

An indoor environment with good IEQ improves the
occupant’s mood, which affects the comfort perception of
the occupant. Productivity increases with good health and
improves the mood of the worker inside the building, which
is well supported by research [47]. Kielb et al. [48]
researched New York public school teachers’ satisfaction
with indoor environmental features of the classroom. They
found that inadequate ventilation and poor building con-
ditions are directly associated with various ill-health
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TaBLE 1: Indian and international codes on IEQ parameters.
Parameters
Codes

Thermal comfort

Visual comfort

Indoor air quality

i Acoustic comfort
and ventilation

SP-41 [29]NBC, 2016 [30],
ISHRAE 10001 : 2019 [31]
ASHRAE 55 [32], ISO 7730 [33],
EN 16798 [34]

Indian national codes

International codes

SP-41 [29]NBC, 2016 [30],
ISHRAE 10001 : 2019 [31]

EN 12665 [35], ISO 8995 [36] ASHRAE 62.1 [37]

ISHRAE
10001 : 2019 [31]

NBC, 2016 [30] ISHRAE
10001 : 2019 [31]

ANSI S12.60 [38]

TaBLE 2: IEQ parameters study spread over the publication years.

Publication year TC IAQ vC AcC IEQ Related to IEQ Cited papers
2020 1 1 — — 1 — 3
2019 2 1 1 — 2 — 6
2018 2 — — — 1 2 5
2017 — — — — 1 — 1
2016 2 — — — 1 — 3
2015 1 2 — 2 1 — 6
2014 1 2 — — 2 — 5
2013 5 1 2 1 1 — 10
2012 1 — — — 5 1 6
2011 1 1 — — 2 — 4
2010 1 1 2 — — — 4
2009 — 2 — — 2 1 5
2008 1 2 — — — — 3
2007 — 4 — — 1 2 7
2006 — 1 1 1 2 2 7
2005 1 1 2 — 2 1 7
Before 2005 4 14 4 5 7 4 39
Total 23 33 12 9 31 13 121

symptoms. Poor IEQ enhanced the probability of taking sick
leaves due to regular ill-health [49-51]. Significant absen-
teeism affects student’s results, which, in turn, affects them
psychologically. Kumar et al. [52] discussed various sensing
technologies to enhance the IEQ in buildings. By using
intelligent systems, school buildings can easily increase the

IEQ. In the joint India-UK project, “Learn-BPE” [53], re-
searchers have performed an occupants’ survey to assess the
indoor quality in ten buildings including one educational
building. The researchers pointed out that IEQ must be given
prime importance while designing buildings or retrofitting
old ones. There are global opportunities for conducting IEQ
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research in school buildings, especially in naturally venti-
lated (NV) school buildings, as students show significant
adaptive behavior according to the indoor environmental
changes.

2.2. Components of Indoor Environment. In this study,
ventilation is considered as part of IAQ and daylighting as
part of visual comfort (VC). The main four IEQ components
are depicted in Figure 4 and discussed in this section
concerning NV classrooms in school buildings.

2.2.1. Thermal Comfort in Naturally Ventilated Classrooms.
Building user satisfaction with an indoor thermal envi-
ronment is known as thermal comfort. According to the
American Society of Heating, Refrigerating and Air-Con-
ditioning Engineers (ASHRAE) Standard 55 [32], thermal
comfort is the state of mind that expresses the satisfaction
level of the building user with thermal surroundings inside
the building. Langevien et al. [54] described that the three
ways to assess human responses to comfort are thermal
sensation, thermal acceptability, and thermal preferences.
The perception of a building user regarding thermal sur-
roundings is the user’s thermal sensation. The degree up to
which a building user accepts thermal surroundings is
thermal acceptability. The ideal thermal environment
according to the building user is the thermal preference of
the user.

In India, National Building Code, 2016 [30] climate
classification is used for the research while at a global scale
most of the researchers use Koppen climate classification
system. NBC climate classification is based on temperature
and humidity levels. Koppen system is based on the coolest
and the warmest month temperatures and precipitation
criteria [55]. The general classification criteria of both the
systems are jotted down briefly in Table 3.

Thermal comfort depends on six parameters, out of
which four are environmental parameters such as relative
humidity, air speed, mean radiant temperature, and dry bulb
temperature. Two personal parameters that majorly affect
thermal comfort are metabolic rate and clothing [56]. In
addition, four localized factors are also considered nowadays
while assessing thermal comfort; these are vertical air
temperature difference, radiant temperature asymmetry,
floor temperature, and drafts [57]. Age, gender, race, in-
dividual condition, geographic location, cultural impact,
type of work, and climate are various other factors that affect
the occupant perception about thermal sensation [58, 59].

Pinto et al. [60] explain the relationship between ven-
tilation and thermal comfort in a naturally ventilated school
building. However, according to the authors, most of the
teachers prefer a closed window to control outside noise and
extra heat coming inside from the open window in NV
schools. Wargocki and Wyon [61] discussed the impacts of
the thermal environment over teaching and distraction in a
naturally ventilated classroom. Performance and wellbeing
are reduced due to poor thermal surroundings. Bargh and
Shalev [62] presented that experiencing “physical warmth”

can increase the positive feelings of occupants and, thus,
potentially increase the performance.

Thermal comfort is also influenced by the behavioral
adjustment and the physiological and psychological di-
mensions of the occupant. There are various models, indices,
and charts to assess thermal comfort, such as Predicted
Mean Vote (PMV), Resultant Temperature (RT), Effective
Temperature (ET), Adaptive Model, Tropical Summer Index
(TSI), Heat Stress Index (HSI), Wet-Bulb Globe Tempera-
ture (WBGT), Equatorial Comfort Index (ECI), Index of
Thermal Stress (ITS), Wind Chill Equivalent Temperature
(WCET), Predicted 4 Hour Sweat Rate (P,SR), India Model
for Adaptive Comfort (IMAC), Percentage People Dissat-
isfied (PPD), Humidex, Standard Effective Temperature
(SET), Predicted Thermal Sensation (PTS), and the Givoni
model, the Mahoney model, and the Olgyay model.

Two models are used widely to assess thermal comfort.
For conditioned buildings, PMV/PPD model given by P. Ole
Fanger in 1970 is generally used. For nonair-conditioned
buildings, the Adaptive model given by Richard J. de Dear
[57] is used. The Adaptive model is based on real-time field
studies, i.e., hundreds of studies showing the dynamic re-
lation between the occupant adjusting the thermal envi-
ronment by means of clothing, fans, operable windows,
sunshades, etc.

Comfort estimation is more precise in adaptive ap-
proach, as it considers adaptations during the change in the
thermal environment as the human body tries to maintain its
temperature [63]. In NV schools, the adaptive model is the
most suitable model to assess thermal environmental
conditions.

International Organization for Standardization code ISO
7730 [33] is based on the PMV model. The limitation of the
PMV model is that it is a chamber-method-based study and
is not suitable for natural human interaction with the
surroundings. It predicts a high level of dissatisfaction due to
a lack of personal, social, cultural, and climate context.

Tropical Summer Index (TSI) is the index proposed by
Sharma and Ali [64] to find the thermal comfort level along
with the optimum conditions and range of thermally ac-
ceptable surroundings in warm-humid and hot-dry Indian
climate. The Standard Effective Temperature (SET) model or
Pierce 2-node model is another model developed by A.P.
Gagge [65]. This model represents the human response to
the thermal surroundings. This model’s calculation is the
same as the PMV model; the main difference is that it
considers human physiology in measuring skin wettedness
and temperature. ASHRAE accepted this model in 1996.
However, later research tested this model with experimental
data and explored that it underestimates skin wettedness and
overestimates skin temperature.

Occupants living in NV buildings have a wider range of
comfort temperature than the occupants living in air-condi-
tioned buildings. Occupants overestimate and underestimate
the thermal comfort, respectively, in warm places and cold
places when using the PMV model. The adaptive model chart is
based on extensive field studies throughout the globe which
relates inside comfort temperature to prevailing outside tem-
perature and defines 80% and 90% satisfaction zones.
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FiGure 4: IEQ components and studies considered for review.
TaBLE 3: Global and Indian climate classification.
Region May (;;roclll?qate Temperature (warmest month) Tempeﬁtou;tehgcoolest
Tropical >18°C >18°C
Dry >18°C <0°C
. Temperate >10°C > -3°C and <18°C
global, agqrdln%lto (55] Continental >10°C < -3C
oppen-tyelger theory Polar and alpine <10°C <0°C
Highland Temperature is highly dependent on adjacent zone

traits and overall elevation

Major climate

Mean of monthly relative

Region sone Mean of monthly temperature humidity
Hot and dry >30°C <55%
Wflg:ln i";nd >30°C>25°C >55% > 75%
?Osiz (%Egiz)’[ Saoc]cordlng to NBC Temperate 25-30°C <75%
’ Cold <25°C All values
. When 6 months or more do not fall in any of the
Composite

categories

Fanger [66] gives an equation that is related to PMV to
assess the percentage of the dissatisfied, known as the PPD
(Predicted Percentage of Dissatisfied) model. More than
80% of people satisfied included population resulted as a
satisfactory outcome for the PPD model. Draught sensation
is due to the increased air velocity, and it can have both
positive and negative effects on thermal comfort depending
on the conditions. In normal conditions, draught sensation
due to increased air flow rate can cause localized thermal
dissatisfaction, but in warm conditions, it improves comfort.
The draught model was included in ISO 7730 [33] and
ASHRAE 55 [32]. Draught rating is the percentage of people
dissatisfied with the air flow. India Model for Adaptive
Comfort (IMAC) is prepared based on data collected from
office buildings and does not consider other types of
buildings. Manu et al. [67] stated that Indian subjects are less
sensitive to temperature changes because of their adaptive
behavior.

ISO 7730 [33] considers Fanger’s model while ASHRAE
55 [32] is majorly focused on the adaptive model. EN15251
[68] modified as European Committee for Standardization
(CEN) EN 16798 :2019 [34] considers Nicol and Humphreys
work as their basis. However, there is no globally accepted
code as yet for naturally ventilated school buildings. Hence,
there is the need to develop a code on IEQ in naturally
ventilated school buildings.

Bronsema [69] recommended a separate comfort tem-
perature for summer and winter. For school buildings,
Bronsema recommends 22.1°C in winter and 24.5°C in
summer. The author explains the interaction between the
thermal environment and the surrounding air quality. CEN/
TC 156 technical report CR 1752-1998 suggested 23.5°C
temperature in summer and 20°C temperature in winter for
European schools as a comfortable temperature.

Seppanen and Fisk [70] did a meta-analysis of studies,
which shows that SBS symptoms increase by 12% for every
1°C rise in temperature over 28°C. At 21.5°C, the occupant
performance is optimal. However, temperatures less than
20°C and more than 23°C can affect the performance of the
occupant by 10%.

Thermal comfort can impact the performance and
wellbeing of occupants thus influencing their morale, and
this simultaneously increases complaints regarding indoor
conditions [71]. Nakano et al. [72] explained that high
temperature impacts mathematical ability. By measuring
brain-blood flow, it is found that due to mental load, the
performance of teachers is reduced in high temperature.
Some studies say that due to a lack of control over the
thermal environment, absenteeism 1is increased, thus
resulting in lower performance and achievement. Increased
controls can increase thermal comfort. However, Melikov
et al. [73] and Newsham et al. [14] found that access to such
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controls did not increase or decrease thermal and visual
comfort. Andersen [74] researched personal control of
thermal comfort using ventilation and its impact on occu-
pant comfort by using an online survey. Occupants feel more
comfortable in any environment when they have the self-
ability to control the environment. Occupants in NV
buildings are more satisfied than occupants of mechanically
ventilated buildings.

Singh et al. [75] tested 900 subjects in naturally ventilated
classrooms for their behavioral adaptations. They found that
in NV buildings, students are more adaptive in behavior and
can easily modify their comfort by opening windows,
switching-on fans, and changing clothing levels. Noda et al.
[76] tested 6 classrooms in 3 schools for thermal comfort by
both subjective and objective assessment. 97 students of age
9-11 years who participated in the study were having a wide
range of comfort perception in the classroom. Singh et al.
[77] reviewed previous literature on thermal comfort in
classrooms. In India, most of the schools are naturally
ventilated, and the students are quite adaptive in behavior.
The authors have suggested preparing standards for different
age groups and proposed thermal comfort equations based
on the adaptive approach for classrooms.

2.2.2. IAQ in Naturally Ventilated Classrooms. Quality of
indoor air is one of the most important components inside
the built environment. The combined behavior of various
factors and dynamic interaction with other components
make it difficult for users to identify IAQ problems [78]. In
the different indoor environments, there are different
sources of pollution depending upon the building type
(residential, school, office, market). Kamaruzzaman [79]
studied workplace conditions and explained that most
studies discuss reactive measures regarding IAQ and that
very few studies describe the building construction and
design to enhance IAQ. Except for indoor sources, outdoor
pollution also affects the quality of indoor air. Bad IAQ can
cause sick building syndrome (SBS) effects in the occupant,
which in long term can be converted into building-related
illness (BRI) and become harmful to one’s health. Poor IAQ
potentially influences the performance of students and
teachers. A negative effect like sickness absence in school is
common due to poor IAQ and inadequate ventilation.
Stetzenbach et al. [80] reported that air freshness can be
measured by measuring suspended Particulate Matter
(PM) and volatile organic compound (VOC) concentration
indoors. Mendell and Heath [20] studied air quality,
thermal comfort, and their impact on students’ perfor-
mance. More indoor humidity and increased organic
pollutants are the reason behind increased respiratory
illness and asthma. Heinsohn and Cimbala [81] explored
the relationship between newer design solutions like
underfloor air diffuser, displacement ventilation, and their
impacts on indoor air pollution. However, maximum
schools did not adopt these solutions. To improve IAQ,
identification of the source of contamination, i.e., the
flooring material type, paint on walls and desk, and
equipment used in class, is important. These sources can

affect children’s health severely and increase the chances of
respiratory illness and asthma.

Many schools use carpets to enhance the indoor air
quality in classrooms. However, Fisk [19] found that re-
moval of carpet from indoor can improve performance and
potentially reduce the level of physical contaminants. Re-
moving carpet resulted in better air quality and fewer
headaches, dizziness, and SBS symptoms. Removal of carpet
enhanced performance, ie., 6.5% of text-typing amount,
3.1% on a timed test, and 3.8% score in logical reasoning.
After self-assessment, it is found that reduced incidents of
headaches are the reason for enhanced performance after
removing the carpet. Tortolero et al. [82] examined carpets
of 80 classrooms to test surface loading due to organic
pollutants. 30% of the examined classrooms had an unac-
ceptable level of insect and fungal allergens. Foarde and
Berry [83] compared tiled floor classroom with carpet floor
classroom. The tiled floor classroom had a higher concen-
tration of aerosol particulate. The carpet floor classroom had
a highly contaminant sink and high surface loading. Between
teacher-student performance and the type of flooring, there
are various acoustics and psychological differences. Bullock
[84] found that in hard tiled floor classrooms students score
higher in mathematics than in carpeted floor classrooms.
However, out of 111 classrooms, only 5% of the classrooms
had carpet; this limits the validity of the study.

Schneider [51] conducted a study using Chicago and
Washington DC school teachers to find out the condition of
the school environment, the relation between IEQ, and the
impact on teachers’ health. Referring to school facilities,
most of the health complaints were related to air quality.
More than 50% of teachers report a problem and one-third
of the teachers have poor health conditions due to poor
school environment. Kielb et al. [48] surveyed teachers of
primary and secondary schools in New York State. Of 501
teachers, most of them say that classroom air quality is not
good. Approximately, 40% of teachers reported at least one
health symptom. Headaches, allergies, and throat irritation
are the most common symptoms among them. Classrooms
have at least two related symptoms, and the strong reasons
are dust, mold, paint odors, and other indoor pollutants.

Wyon [21, 85] reported that poor air quality can in-
fluence worker comfort and potentially reduce performance
by 6%. Lorsch and Abdou [86] reported that people feel
more concentrated and comfortable when air conditioning
is used. Performance of conditioned space user is increased
between 5 and 15%. Without humidity control, teachers
experience discomfort in the summer months. For an ideal
learning environment, humidity control plays a crucial role
in achieving better IAQ. Cross ventilation is generally re-
sponsible for maintaining the classroom environment in NV
classrooms. Air enters through doors, windows, and cracks,
and fresh air occupies the room volume, meanwhile stale air
exits through the opposite side openings, if any. An illus-
tration is presented in Figure 5 for a better understanding. A
primary school classroom design for 40 students was drafted
according to IS 8827-1978 [87]. According to the recom-
mendation of the standard, the classroom of size
(6100 mm x 7300 mm) has three ceiling fans. Each fan is of



Advances in Civil Engineering

o Writing boards
@ = Window —

5 Ceiling light ®

S Fan [N
Desk-chair =
Air flow direction <
Ventilators ===
Door e

FIGURE 5: Air flow in the naturally ventilated classroom.

9 1200mm and effectively circulates air in the circle of o
3600 mm, thus covering the whole occupied area of the
classroom showing better air circulation inside. Windows
(W1) of size 1800 mm x 1200 mm, ventilators of sizes
{1800 mm x 600 mm (V1) and 1200 mm x 600 mm (V2) },
and door {1200 mm x 2100 mm (D1)} help in regulating
fresh air from outside by replacing indoor stale air.

For controlling pollutants through the reduction ap-
proach, ASHRAE 62.1-2013 [76] specifies minimum out-
door air supply rates in buildings. Three liters per second per
person outdoor air is the minimum requirement for
classroom ventilation. Ventilation flow rate <0.152m?/s is
termed as “Still Air”; this is harmful, as pollutants remain
suspended in the air and occupants breathe them in, which
can harm their health and result in discomfort. Technical
report CR-1752 (1998) [88] developed by European com-
mittee CEN/TC 156 classifies ventilation change rate for
classrooms, ranging from 0.47 to 1.18 cubic foot per minute/
square foot into three categories, i.e., 15%, 20%, and 30%
discomfort [89]. The values of the various gases for good
indoor air quality for humans are mentioned in Table 4. The
values can serve as a reference for NV classrooms as they are
determined for residential buildings.

Bronsema et al. [69] developed a design guide to assess
the performance of buildings for comfort and health. Based
on the US EPA standard and World Health Organization
(WHO) recommendation, upper limits of major and minor
influential contaminants are decided. EPA recommended
that PM;,must be lower than 150 ug/m> in 24 hours, while
inhalable PM, s must be restricted up to 35 ptg/m3 in 24
hours. However, the WHO recommends lower levels for
PM,, ranging less than 20 yg/m’. Occupational Safety and
Health Administration (OSHA) and NIOSH determined a

safe exposure range for different contaminants. NIOSH uses
10 hours’ and OSHA uses 8 hours’ exposure period for
concentration limits [69].

According to the Indian Society of Heating, Refriger-
ating and Air Conditioning Engineers (ISHRAE) standard
10001 :2019 [31], there are two ways to measure and monitor
IAQ; in the first way, major IAQ parameters are tested two
times in each season and three times a day (i.e., 9:00-11:00
AM, 12:00-2:00 PM, and 3:00-5:00 PM), a total of 18
results per year. All minor IAQ parameters are tested 2 times
a year and 3 times a day, up to a total of 6 results per year.
Microbial counts are tested 2 times a year. The second way
suggests continuous monitoring of major IAQ parameters,
i.e., a minimum of one reading per hour round the year and
one reading for cross verification of the system—8760 results
per year can be recorded. All the minor IAQ parameters are
tested 2 times a year and 3 times a day—a total of 6 results
per year are accumulated. Formaldehyde and microbial
count can be tested in the first way. But this is not applicable
to school buildings; therefore, there is a need to research and
update the standards for school buildings.

Schweiker et al. [90] found that during a controlled
study in a test chamber, subjects had higher skin tem-
perature when windows are not operable. Subjects drank
more water during that period possibly due to high air
pollution inside. Barrett et al. [91] suggested that, for
avoiding poor IAQ, glare, and overheating later, one must
consider building orientation, shading design, devices, and
the position and size of windows at the design stage.
Heschong et al. [92] found that operable windows can
enhance student performance and can achieve 7% better
results in mathematics and reading than those in fixed
window classrooms. Daisey et al. [93] reviewed many
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TABLE 4: Air quality parameters and their suitable range.
Suitable concentration
Parameters
EPA WHO OSHA Canadian
CO, — — 5000 ppm 3500 (L)
Major influential CcO 9 ppm 90 ppm [15 min] 50 ppm 11 ppm [8h]
PM, 5 15 yg/m3 [1yr] — 5 mg/m3 0.1 mg/m3 [1h]
PM 4o pg/m’ — — _
CH,O (formaldehyde) — 0.081 ppm[30 min] 0.75 ppm 0.1 ppm (L)
Minor influential SO, 0.03 [1yr] 0.048 ppm [24h] 5 0.019 ppm
NO, 0.05 [1yr] 0.1 ppm [1h] 5ppm (C) 0.05 ppm
(0N 0.12 [1h]0.08 0.064 ppm [8h] 0.1 ppm 0.12 ppm [1h]

studies and found that by increasing natural ventilation,
there is an increment of about 14% in speed and perfor-
mance of the schoolwork. The review revealed that air
quality in schools is very poor when compared to offices, as
schools are neglected severely.

Haghihat and Donnini [94] reported that if temperature
and ventilation conditions are under the direct control of
building space users, less health symptoms, increased per-
formance, and reduced absenteeism are some major out-
comes. When air quality is enhanced due to controlled
ventilation and temperature, the worker’s performance in-
creases up to 6.5%. However, sometimes energy con-
sumption is also increased due to improved ventilation.
However, if schools are properly designed initially, NV
schools can save a lot of money along with providing much
better comfort inside the classrooms. Yu et al. [95] estab-
lished a fresh air system filter selection method and proposed
a method to find out outdoor PM, 5 concentrations.

2.2.3. Ventilation. Ventilation is the flow of outdoor air
indoors for diluting the indoor air and increasing air quality
primarily and for removing stale air inside. Ventilation is
generally considered a part of Indoor Air Quality. Studies
done in the past reported that carbon dioxide concentration
is an IAQ indicator that depends on ventilation [96].
Ventilation also affects the thermal comfort inside a building
by dehumidification of the space. According to ASHRAE
62.1 [37], ventilation supplies or removes air from indoors to
maintain humidity, air contaminant levels, and temperature
inside the occupied space.

Ventilation is divided into four types: (i) natural ven-
tilation, (ii) mechanical ventilation, (iii) mixed-mode ven-
tilation, and (iv) infiltration. However, the present review
focuses on natural ventilation only, which is achieved by
passive design and approaches like stack effect, wind
pressure, and diffusion.

Kajtar et al. [97] experimented and found the effect of
carbon dioxide on human health indoors and the effect of
fresh air supply rate indoors. Poor ventilation increases
carbon dioxide concentration in the classroom. Based on
ventilation requirement in schools, UK Building Bulletin
101 [98] recommend that the average concentration of
carbon dioxide during operational hours in school should
not exceed 1500 ppm. It also sets out the minimum supply
rate of 3 liters/second per person fresh air in the classroom.

Shaughnessy et al. [99] examined one classroom among 87
schools for their carbon dioxide levels. The study shows
that test scores improved with more ventilation. Croome
et al. [100] explained that occupants frequently complain
about odors and carbon dioxide but complain less about
higher organic pollution and poor ventilation rates in-
doors. Building users change their behavior, feel uncom-
fortable, and sometimes show ill-health symptoms without
realizing that these are due to ventilation rate and air
quality [81].

Shendell et al. [101] nudge the idea of IAQ relation with
ventilation through the concentration of carbon dioxide
present indoors. Poor ventilation and bad IAQ is the reason
behind absenteeism in schools. They found that absen-
teeism is increased by 10-20% when carbon dioxide is
above 1000 ppm due to poor ventilation rates. Poor ven-
tilation is the major cause of absenteeism and influences the
outcomes of the education system negatively by affecting
teachers and students. Wargocki and Wyon [61] found that
adequate ventilation rates can reduce stress. Fresh air re-
duces stress; students feel less hunger in properly ventilated
classrooms. Performance is severely affected by air flow
rates in classrooms. Liang et al. [56] studied on indoor
carbon dioxide level as an indicator for ventilation re-
quirement. Ventilation rates could not be predicted ac-
curately on the basis of the carbon dioxide concentration
they added. Araya [102] found that natural ventilation is
not a good ventilation technique for schools situated at
polluted locations.

Haghighat and Donnini [94] studied air distribution
techniques and ventilation control display. The relationship
between IAQ and ventilation is complex; however, greater
comfort with IAQ is perceived by building occupants for a
higher ventilation rate. Demand Control Ventilation (DCV)
products are available readily in the market for CO,-based
ventilation purposes, but updates are required. ASHRAE
[37] codes are used for designing ventilation systems
globally. Peng et al. [103] proposed an integrated low-energy
ventilation (ILEV) system for primary schools in cold re-
gions. ILEV can increase indoor air quality by using plants in
sunspaces for absorbing CO,. ILEV also increases thermal
comfort inside classrooms with saving of approximately 88%
energy and providing economic benefits up to 42 years with
8 years payback period. However, this study majorly focused
on plant’s ability in classrooms, which depends upon various
assumptions. Sunlight is low in cold climates, which can
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potentially reduce the photosynthesis speed in plants. Most
of the educational buildings in India work on natural
ventilation and some are using mixed-mode ventilation
techniques. Therefore, there is a need to develop code/
guidelines for NV school buildings.

2.2.4. Visual Comfort in Naturally Ventilated Classrooms.
Good visual environment provides comfort due to the ad-
equate level of task visibility and lack of strain on the oc-
cupant’s eyes. Visual comfort is essential for productivity
and health [104-106]. According to EN 12665, 2002 [35],
visual comfort is “a subjective condition of visual wellbeing
induced by the visual environment.”

Research shows that daylighting enhances occupant
productivity, reduces stress, and is advantageous for an
occupant’s wellness [107]. Daylight is also associated with
the positive attitude of an occupant, negligible eye strain,
reduced fatigue, and lower error and defects in work.
Alrubaih et al. [108] described two types of natural day-
lighting systems in buildings. Window opening is an ex-
ample of a side lighting and skylight or any other opening in
the building roof is used for providing top lighting.

Lighting design standards in India are National Building
Code (NBC) 2005 (Part 8, Section 1) [109], SP-41 [29], IS:
2440 [110], and IS: 7942 [111]. Hlluminating Engineering
Society of North America (IESNA), International Organi-
zation for Standardization (ISO), Commission Inter-
nationale de I’Eclairage (CIE), Association Argentina de
Luminotécnia (AADL), and many others are some bodies
that provide international standards. UK Building Bulletin
90 [112] guides to create a good lighting design for schools.
In six sections, the Bulletin covers most aspects from lighting
design to integration of artificial lighting and natural day-
light. It sets out the standard maintained Illuminance of 300
lux in the classrooms. Similarly, Jain et al. [113] have de-
veloped an android app for integrating natural daylight with
artificial lighting for Improving Building Energy Efficiency
of Residential and Commercial Buildings during the daytime
in all Sky Conditions of the United Kingdom.

Abdou [114] discussed the effect on wellbeing, comfort,
and performance due to the physical environment of
lighting. Rice [115] explored that there is a difference in
views; some people say that there is no effect of illuminance,
color, and lighting on them, but others claim that their mood
is directly impacted by these factors. Therefore, the per-
formance of such people is affected severely due to variation
in mood. Inadequate lighting can cause various mental and
physical effects, thereby rendering the building as one of
poor quality. Hanford and Figueiro [116] also supported the
fact that illumination level, lighting spectral distribution,
and design can potentially affect mood and thus the per-
formance of building users. Ocvirk et al. [117] explained that
bright colors and strong lighting can enhance the comfort
and happiness of building users. Aries et al. [118] experi-
mentally found that good control over lighting and bright
lights can potentially improve occupant mood and thus
performance. Therefore, classrooms must be designed to
cater to all possible functions at all different levels to increase
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psychological benefits. Overall, classroom illumination is
important for enhancing positive attitude in teachers and
students rather than focused light on some areas in the
classroom [119].

Nicol et al. [120]worked on daylight effects and effects of
blinds on lighting. The outcome showed that those users who
can control natural daylight easily are more comfortable in
comparison to other users who are unable to control it.
However, the illuminance level is not in adequate control
according to the outside lighting level. The orientation of
windows is important along with window control strategies
for natural daylight [121]. Bessoudo et al. [122] found that
the southern part of the building received more direct
sunlight than the northern part. Therefore, to reduce glare
problems associated with direct sunlight, southern facade
windows need shading devices and more blinds than the
northern sides in a building. More use of glass in building
facade and poor design increases glare problems and thus
increased blinds and shadings. This reduces natural daylight
indoors and slowly artificial light usage is increased. This will
lead to excessive energy consumption and increased carbon
dioxide emission [123].

Most people prefer natural daylight over artificial light as
it reduces stress levels and enhances health conditions. Good
integration of both natural and artificial light can enhance
the performance and productivity up to 15% and 20-26%.
Ashok Kumar et al. [124] have developed an android app for
integrating daylight with artificial lighting for improving
building energy efficiency during daytime in all climates for
India.

Ghisi and Tinker [125] proposed a method to find out the
energy-saving potential when daylight was used; their results
showed 11%-86% of reduction in electricity consumption
for lighting due to daylight.

Solar heat gain and daylight glare produce ill effects; on
the other hand, dynamic lighting spectrum and outside view
influence building users positively [126]. Hathaway [127]
connected natural daylight with the performance of building
users in the school. The visual environment of the classroom
affects the learning, attendance, and thus performance of
students and teachers. Rice [115] found that when teachers
and students can easily control their lighting environment,
they feel that a more positive and adjusted, appropriate level
of lighting helps them in increasing their performance.
However, Lewy et al. [128] found that during summers,
surplus sunlight illuminance can create uncomfortable con-
ditions for students and teachers in classrooms. Aries et al.
[118] pointed out that there are fewer scientific studies around
the globe that are well documented and have statistically
proven the relation between daylight and associated health
effects, especially depression. In a building occupant survey in
Bhopal, people consider daylight and lighting a more im-
portant component of IEQ [129]. The human eye can adapt to
changes quickly, but effects like disturbance while working,
stress, and eye damage can occur due to frequent change in
natural light intensities. Simultaneously, artificial light is also
dangerous for human health, as it contains ultraviolet rays.
Eyestrain, fatigue, and frequent headaches are general
symptoms caused by poor artificial lighting [92].
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For better learning outcomes, there must be controlled
daylight and adequate artificial lighting in the whole
classroom equally. Eyestrain, headaches, fever, and muscular
pain are common symptoms due to a lack of lighting design
and control [119]. Reinhart focused on luminance ratio as an
important factor while designing light. Luminance ratio is
the ratio between the darkest and the brightest points in an
area. For safety when performing various tasks, a minimum
level of illuminance, defined by various building and lighting
codes, is required. NBC, 2016 [30] prescribes the minimum
illuminance levels (200 lux) in classrooms. A general il-
lustration of natural daylight and artificial lighting in a
naturally ventilated classroom is shown in Figure 6. The
classroom shown in Figure 6 will have sunlight during
morning and afternoon times through windows and doors.
Thus, one can easily save energy by reducing artificial
lighting in the classroom. Morning daylight will provide
excellent light and generate low heat, which is healthy for
occupants.

Daylight harvesting is one of the best solutions to save
10% of energy, which is utilized in artificial lighting. Li
et al. [130] designed and analyzed an active daylight
harvesting system for utilizing daylight. Occupancy
sensors, time scheduling, daylight dimming, bi-level
switching, and demand lighting are the various types of
lighting control.

Common lighting strategies are scheduling, tuning,
daylighting, lumen maintenance, demand limiting, and
adaptation compensation. By choosing the proper strategy
and control system, one can reduce the lighting load of a
building. There are very limited studies around the globe that
show the relationship between artificial light, daylight, and
associated comfort along with long- and short-term health
impacts in school buildings.

2.2.5. Acoustic Comfort in Naturally Ventilated Classrooms.
Acoustic comfort is the quality of the building to safeguard
its inhabitants from surrounding noises and offer them a
better acoustic environment in which they can easily
communicate without any extra effort. Generally, occupants
have minimum control over indoor acoustic conditions and
their sources. People living in noisy indoors may feel stress,
hypertension, rage, sleep disturbances, ear-aches, etc., and
generally be more irritable and talk loudly as being habitual
to shouting [131-133]. Hearing sensitivity is impacted by
sound pressure waves. Physical characteristics of sound,
source distance, and space conditions are the major factors
that affect sound quality. Major space conditions are sound
absorption, reverberation time, and insulation. Receiver
conditions and age also play a vital role in hearing and thus
mutate their perceptions regarding the surrounding envi-
ronment [134, 135].

Studies in Germany show that occupants with low in-
come are prone to acoustic discomfort more than high-
income group occupants [136]. Occupants can have con-
centration impairment issues and other mental problems
when they are continuously exposed to noises. Acoustic
comfort directly affects occupant’s productivity, comfort,
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and health [137, 138]. UK building bulletin 93 [139] is fo-
cused on the acoustic design of schools. It describes the
minimum acoustic performance standards in school
buildings for a better teaching and learning experience. It
sets out the upper limit of 35 dB for the indoor ambient noise
level of new build classrooms.

The current education system is using the digital mode of
teaching in which different audio affects listeners in different
ways as the perception and physiological mechanism of
every listener is different. Bad acoustics can result in reduced
teacher and student performance, less student focus,
tiredness in listeners, and low quality of communication.
According to Tiesler et al. [140], it is very difficult for stu-
dents and teachers to ignore the unwanted sound and
background noise. In the sitting position, it is difficult for
teachers to gain the attention of the class as voice is de-
pressed by the various indoor and outdoor noises. The
depression of the teacher’s voice increased for students
sitting at distant positions as distance influences sound
pressure level [141]. To cater to the needs of the classroom,
teachers generally teach in a standing position to effectively
convey their lessons and gain proper attention from the
students sitting in the classroom. Indoor-outdoor noises
decay the quality of teacher’s voice up to some extent;
Figure 7 is illustrating the noise scenario. Noise is coming
from outer sources by infiltration from windows, vents and
doors, and indoor sources such as students talking to each
other during the lecture.

Serra and Biassoni [142] revealed that higher cost im-
pacts the acoustic quality in US schools. Acoustic problems
must be considered during the design stage of a building and
for that, it is essential to access and define as to what is going
to happen outdoors and indoors [143, 144]. For human
hearing, 20-20,000 Hz is the comfortable sound range. For
clear communication and normal speech, the background
noise level must be less than 45 dB in educational buildings.
Reverberation time must be between 0.6 and 0.8 for better
listening in theoretical classrooms. For the acoustic design of
schools, the American National Standards Institute ANSI/
ASA S12.60-2010/Part-1 standard [38] recommends that
background noise must be limited to 35dB in school
buildings and a reverberation time of 0.60 seconds.

Acoustic comfort is the least researched component
among the major components of IEQ in India. Proper
testing and evaluation of noise need to be performed at the
building site before construction, and the results after the
construction need to be verified to create some index or
model to predict the noise, particularly along highways and
noisy places. Thus, there is a need to carry out further re-
search in this domain.

2.3. Impact of COVID-19 on School Buildings. Due to the
COVID-19 pandemic, most of the governments temporarily
closed schools in an attempt to reduce the spread of COVID-
19. Currently, more than 60% of students enrolled globally
in level 0 to level 3 (International Standard Classification of
Education) are affected [145]. At the global peak of COVID-
19, from 30 March 2020 to 05 April 2020, 91.3% (more than
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1.5 billion students) of the total enrolled learners are affected ~ government wants to reopen schools as soon as possible. For
across 194 countries due to the lockdown situation. The  considering the stakeholder’s consent, it is essential to
primary health concern is to prevent the spread of COVID-  quickly gather information and perform rapid response
19; however, due to the disrupted education system, every  surveys. An UNESCO report [145] points toward “How to
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Reopen Schools,” considers 6 key dimensions, out of which 2
dimensions are wellbeing/protection and learning, and these
depend upon IEQ. As COVID-19 is spreading through
contaminated air, natural ventilation is not good for
classrooms. Currently, there is no study related to COVID-
19 impact on the school classroom. Some regulatory bodies
[146, 147] emphasize on maintaining good IEQ to reduce the
spread of COVID-19 in the current situation, but they are
not specifically for school buildings. Thus, it is important to
carry out research, particularly for school classrooms, as
students are the most vulnerable group in the current
situation.

3. Discussion and Conclusion

This paper presented a systematic review of the studies
around the globe related to indoor environmental quality
components, namely, thermal comfort, indoor air quality,
ventilation, visual comfort, daylight, and acoustic comfort in
naturally ventilated school classrooms. SBS and BRI are also
discussed in brief for a better understanding of the need for
IEQ in naturally ventilated school buildings. It is found that
there are no globally accepted codes and Indian standards till
date that can serve as the basis for maintaining/providing
good IEQ in NV school classrooms. Present conditions
indicate that there is a dire need for more scientific efforts to
achieve more accurate comfort limits. A more precise and
accurate methodology is needed to standardize the process
conforming to all types of climates.

Although some codes separately deal with individual
components or with multiple components, comfort limits
vary widely in different standards. Therefore, more studies
are needed to explore the IEQ in NV school classrooms
worldwide for developing country-specific guidelines. In
India, the studies on IEQ are scarce and scattered.

Therefore, country-specific IEQ codes and guidelines in
relation to naturally ventilated school buildings need to be
developed. To accomplish this, a real-time assessment of [IEQ
and comfort in NV classrooms is essential.

Similarly, poorly ventilated buildings and systems en-
hance the risk of indoor virus transmission. Airborne
transmitted diseases in the form of aerosols (nuclei drop-
lets), such as MERS (Middle East Respiratory Syndrome),
SARS (Severe Acute Respiratory Syndrome), and COVID-
19, have confirmed that in the future these kinds of viruses
will be a great danger. In general, there are two routes of
infection spread in closed spaces. First, aerosol generated by
the infected person is directly inhaled by the exposed person.
This occurs when the distance between the infected person
and the exposed person is less than 1.5 m. Second, aerosol
generated by the infected person’s activities (like sneezing,
coughing, etc.) is mixed in the room air and with air flow; the
droplet nuclei travel and enter into the system of the exposed
person. This occurs for large distances, generally greater than
1.5-2.0 m [148, 149]. Moharir et al. [150] found that if the
distance is more than 2.5m and the contact time between
any COVID-19 patient and an exposed healthy person is less
than 20 minutes inside a room, the chances of virus
transmission through the air is low. Figure 8 shows the
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reduction of infection with an increase in the distance be-
tween the infected and the healthy person.

The transmission of Corona virus in the school buildings
is a challenging issue and there is no proper evidence to
prevent the transmission of this type of pandemic inside
naturally ventilated school buildings. The researchers are
trying to find solutions for controlling the transmission of
Corona virus among humans and to find escape routes/
technologies to save the students’ lives if the virus has en-
tered the buildings. Some researchers are working on finding
ways to prevent the transmission of Corona virus from
infected humans due to inhalation of airborne particles
indoors. Therefore, the best way to escape from the Corona
virus inside the buildings is to bring in fresh air after proper
filtration and remove the infected inside air through an
exhaust (ventilation) into open space via ducts, etc. Many air
filters are available to prevent the polluted air to filter out the
PM, s particles, etc. The existing air filtration techniques are
not suitable to filter out the Corona virus because the virus
size is less than 0.1 nm and most of the available air filters’
porosity is approximately 0.3 nm. Therefore, the prevention
strategy during COVID-19 in naturally ventilated school
buildings is also to be developed.

Students are the future of any countrys; it is, therefore,
essential to provide them a healthy and comfortable
learning environment. This article is a primary step in this
direction. A schematic diagram of the proposed filtration
system for a naturally ventilated classroom is depicted in
Figure 9.

The following conclusions can be drawn from the review:

(i) There are many international studies on IEQ;
however, there are very few studies for naturally
ventilated Indian school buildings.

(ii) Comfort temperature among the subjects varies
largely; so, for better prediction, it is necessary to
develop a country-specific comfort model for
school buildings.

(iii) None of the studies tried to find out the interre-
lation between different components of comfort in
school buildings. Most of the studies consider
different seasons but a few studies consider the
whole year; as temperature varies throughout the
year, it is necessary to consider daily, weekly,
monthly, and seasonal changes.

(iv) There are fewer IEQ studies reported in developed
countries. Achieving SDG’s 4th goal is not enough;
IEQ must be considered as an important com-
ponent in developing the education system, and
stakeholders must be trained and informed re-
garding this.

(v) Hawthorne effect is neglected in most of the
studies. Few multi-factor studies are available re-
lating to IEQ parameters. So it is very difficult to
comment on the combined effect of parameters on
students in school classrooms. Therefore, there is a
need to develop a methodology for the combined
impact of the parameters on IEQ.
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(vi) Different authors adopt different methods for

assessing the performance of students; therefore, it
is hard to compare as our results and the results of
different studies vary significantly. Therefore, there
is a need to develop a generic universal method-
ology on this.

(vii) Less attention is given to acoustic and visual

comfort in school buildings; however, a few studies
consider the comfort components and found that
they are equally important when the focus of the
study is on performance and productivity. The
standard procedures and well-accepted models of
different comfort components are much-needed
aspects of school IEQ. Therefore, there is a need to
develop a generic methodology/guidelines for
acoustic and visual comfort in school buildings.

(viil) No well-accepted code or standard comfort criteria

exist for naturally ventilated school buildings. A
few studies combine energy efficiency with the IEQ
in educational buildings but not particularly in
naturally ventilated school buildings. Therefore,
there is a need to develop adaptive comfort
models/algorithms for NV school buildings.

3.1. Future Direction

@

(ii)

(iii)

All the existing schools and other types of buildings
need to be retrofitted for improving IEQ and
comfort. This requires the development of guide-
lines and the authors are researching on this.

For the design and construction of new buildings, a
special publication as an Annexure to the National
Building Code or a separate document is required.
The authors are working on the preparation of the
guidelines.

Similarly, for air-conditioned schools and other
buildings, the strategies for air-decontamination are
immediately required. Therefore, the authors are
researching in this direction to prevent the spread of
coronavirus or similar types of viruses that can
prevail in the future, in different types of buildings
including malls, auditoriums, and offices.
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Buildings contribute greatly to global energy use and consumption. The energy consumption of buildings is significant due to the
integration of heating, ventilation, and cooling systems. Evidently, the utilization of phase change materials (PCMs) in building
design can adequately reduce air-conditioning costs of buildings by diminishing external heat gains and losses. Moreover, the
adoption of natural, eco-friendly, and cost-effective materials, such as terracotta bricks, can be valuable from an environmental
point of view. This paper intends to assess the air-conditioning cost-saving potential of several PCM stuffed terracotta brick
configurations. In that respect, the encapsulated PCMs were filled in the hollows of terracotta bricks. For the aims of this study, five
different types of PCMs were considered, in relation to the thermophysical properties of their solid and liquid state (OM18:
organic mixture, HS22: hydrated salt, OM29, OM32, and OM37). In addition, three PCM-stuffed terracotta brick configurations
were examined with reference to the number of the PCM layers (PCMTB-A with one PCM layer, PCMTB-B with two PCM layers,
and PCMTB-C with three PCM layers). Therefore, fifteen PCM-stuffed terracotta brick configurations were analysed numerically,
related to environmental conditions that refer to two different scenarios in India (hot dry and composite climates). Results have
unveiled that the OM32 PCM assemblies have shown better thermoeconomic performance compared to the other types of PCM.
With respect to the most advantageous number of PCM layers, the evidence of this analysis has exposed that the PCMTB-C case
has shown the highest annual air-conditioning cost-savings and the highest yearly carbon emission mitigations in both climates
(Ahmedabad and Lucknow). In hot-dry climates, the PCMTB-C with OM32 PCM exhibited the highest annual air-conditioning
cost-saving ($ 74.7), the highest annual carbon emission mitigation (1.43 ton/kWh), and the moderate payback period (22.5 years)
compared to the other cases. To conclude, the findings of this study suggest a suitable way to improve the decision-making process
of building design, while bridging the performance gap in terms of energy efficiency and sustainability.

1. Introduction

Climate change and environmental degradation pose a
fundamental threat to mankind. Commercial and residential
buildings require a large amount of energy for heating,
ventilation, and cooling systems, while they are also re-
sponsible for global warming and depletion of nonrenewable
fossil fuels. In developing countries like India, the con-
struction sector is growing rapidly due to economic progress

and the growth of urban communities. Buildings constitute
about 40% of global consumption of electricity, with resi-
dential buildings accounting for three-quarters of the overall
energy consumption and one-third of world GHG emissions
[1]. Many countries have implemented policies in place to
improve energy efficiency in buildings by ameliorating the
effects of climate change. People spend over 90% of their
time in buildings by paying special attention to a safe, clean,
and comfortable indoor environment [2].
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The traditional means of building thermal conveniences
are mechanical air-conditioning systems that are energy-
intensive and detrimental to the environment. In this regard,
energy-efficient and environmentally friendly techniques
applied to boost thermal comfort at a zero or low power
consumption are passive heating and cooling systems [3, 4].
Towards this goal, terracotta bricks that are made of fired
clay and have a good density which can provide a fair
thermal resistance to building envelopes can be considered.

Thermal energy storage by using PCMs is a tolerable
passive cooling approach to moderate heat flows through
building envelopes. PCMs can absorb a significant amount
of heat during the melting stage (from solid to liquid), as well
as they can release the absorbed heat during the solidifi-
cation stage (from liquid to solid) [5]. The ability of PCMs to
provide high energy storage and their characteristics to
retain thermal storage at a constant temperature make their
utilization attractive for several building applications [6]. As
it is widely known, PCMs are commonly categorized as
organic, inorganic, and eutectic, while they should have
certain characteristics such as a nontoxic and noncorrosive
behaviour, a suitable thermal conductivity, a desirable latent
heat, and a low cost, to attain the fundamental goal of energy
efficiency sustainably [7]. Organic PCMs mostly show
noncorrosive properties and congruent melting points. In
addition to that, the melting point and heat of the fusion of
certain organic PCMs are suitable for the cooling/heating of
buildings [7]. The method to embed PCMs in the encap-
sulation material with a scale exceeding 5mm is called
macroencapsulation of PCMs, while the shape of the shell
can vary (cylinders, tubes, cubes, sticks, etc.). Macro-
encapsulated PCMs can be used in any type, size, and di-
mension of the building envelope [8]. An active system with
PCMs has a separate storage unit within the building to be
settled, which is considered to be a demerit for the end-users.
The main benefit of incorporating PCMs into building
materials is that less space is required, while they can be
formulated with a certain behavioural pattern at the very
early stages of building construction [9]. In the literature,
various shell materials having the potential for thermal
energy storage at high temperatures are examined [10].
Moreover, several studies reviewed and addressed the
thermal efficiency of PCM-integrated buildings as wallboard
configurations assisted by the operation of the HVAC unit
[11-18]. PCM wallboards in buildings have recorded an
advantageous reduction of the decrement factor and in-
crease of the time lag, as regards the propagation of a pe-
riodic heatwave [19-22]. Zhou et al. analytically investigated
a ventilated Trombe wall integrated with double PCM
wallboard (Inside and outside) and reported the energy
storage and release efficiency of 20.2% (exterior) and 20.25%
(interior) at the optimum PCM thicknesses (8 mm for ex-
terior and 28 mm for interior) [23].

Yoon et al. [24] experimentally studied a scaled model of
a PCM integrated cool roof system and reported a better
performance for the RT44 PCM assembly for a white roof in
comparison with the Bio 26PCM assembly for a brown roof.
Jin et al. [25] conducted the experiments and reported that
the placement of the PCM pouch at a distance of (1/5) L from
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the interior wall surface improves the overall thermal
comfort conditions. Tuncbilek et al. [26] conducted nu-
merical simulation on PCM-integrated office building and
reported energy savings of up to 12.8% with PCM of 23 mm
thickness located at the inner side of the wall. A review of the
use of macroencapsulated PCMs for various building en-
closures was presented in detail [27]. The thermal efficiency
of a concrete wall integrated with PCMs was analysed nu-
merically by Lie et al. As seen, the incorporation of a 10 mm
thick PCM layer in a vertical wall leads to approximately
20-30% reduction of heat gains through buildings located in
hot tropical climates [28]. The thermal performance of the
PCM integrated brick was numerically investigated by
Tungbilek et al. [29], and they reported the optimum PCM’s
melting temperatures as 18°C and 26°C, respectively, for
winter and summer seasons.

The PCM thermal shield position of a building model was
experimentally investigated and optimized by Lee et al. The
results exposed the optimal location of PCM layers from the
inner surface for various wall orientations [30]. The PCM
impact on building energy consumption was simulated for
one whole year in five different cities in China by using Energy
Plus. Results have underlined a significant energy saving in
buildings integrated with PCMs [31]. PCM integration in
buildings was also modelled and simulated in terms of energy
demands, by Yun et al. [32]. Results have indicated a re-
duction in cooling cost by 7.48%, while a six years” payback
period was estimated. A building model integrated with
PCM:s for economic analysis was carried out with Energy Plus
software by Solgi et al.; as seen, the consideration of PCMs in
buildings lowered the energy requirements for certain ther-
mal comfort requirements, although it is not rational from an
economical point of view in Iran due to the high cost of PCMs
and the low costs of electricity [33].

The literature revealed that there is no significant infor-
mation on the air-conditioning cost-saving potential, carbon
emission mitigation, and payback period by adopting PCM
stuffed terracotta bricks in buildings. In this respect, the current
study aims to analyze numerically three different configura-
tions of PCM stuffed terracotta bricks; in addition, five different
types of PCMs, such as OM18, HS22, OM29, OM32, and
OM37, were assessed for two different scenarios in India (hot
dry and composite climates). The thermophysical properties of
the assumed PCMs were measured experimentally for both
solid and liquid phases. This paper explores the unsteady
thermal characteristics of PCM stuffed terracotta bricks and
utilizes an unsteady thermal transmittance methodology to
determine the air-conditioning cost-saving within buildings.
This paper also presents the mitigation of carbon emissions and
the resulted payback periods for all analysed PCM stuffed
terracotta brick buildings. The findings of this study help in the
design of energy-efficient buildings with PCM integrated
terracotta bricks.

2. Materials and Methods

2.1. Materials. The terracotta bricks are natural materials
made of clay that shows eco-friendly behaviour. The ter-
racotta bricks are moulded with hollows to accommodate
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PCMs, while they are fired at 1000-1200°C for four hours to
obtain certain strength; after firing, they may obtain a
compressive strength of more than 3.5N/mm®. Moreover,
the terracotta bricks are lighter than the conventional bricks,
showing an absorption capacity that ranges within 15-20%.
In this work, solid and hollow terracotta bricks were con-
sidered, and the hollows of the terracotta bricks were stuffed
with various commercially available PCM materials. The
analysed PCMs refer to HS22 (hydrated salt), OM18, OM29,
OM32, and OM37 (organic mixtures) to accomplish the
thermoeconomic analysis. The number of the above-
mentioned abbreviations illustrates the melting temperature
value of each PCM.

2.2. Experimental Methodology. Thermophysical properties
of terracotta bricks (in solid-state) and PCMs (in solid and
liquid state) were measured by using an experimental setup
as illustrated in Figure 1. The viscometer consists of cooling
and heating elements to cool and heat PCMs when mea-
suring thermal conductivity for both solid and liquid states.
With stability ranging up to +0.04°C, the system has a
temperature range within —20°C to 170°C. In that respect,
the appropriate temperature has been set by using the digital
reading display. It consists of a bath tank that heats or cools
water to an appropriate temperature. PCMs were sur-
rounded externally, around the cup, by hot or cold water.
The hot or cold water was transferred externally from the
bath tank to the measuring system by a close -loop. PCMs
such as OM18, HS22, and OM29 are cooled in the vis-
cometer when calculating their thermal conductivity with a
low freezing point below the atmospheric temperature at the
solid-state. On the other hand, PCMs such as OM32 and
OM37 are easily melted above the air temperature; due to
this, PCMs were heated in the viscometer to test their liquid
thermal conductivity.

The KD2 thermal property analyser (hot wire probe
method) was used to measure the thermal conductivity of
PCMs according to the ASTM standard [34, 35]. It consists of a
cable, a probe, and a monitor to display the related data. There
are two pins on the probe; the first one is used as a heating
source by electric pulse, while the second one acts as a receiver.
Pins have a diameter of 1.3mm and a length of 3 cm with a
distance of 6 mm to each other. The thermal conductivity of the
solid and liquid states of the PCMs is determined by the
resulted temperatures through the time domain. The thermal
conductivity in the range of 0.02 W/(m-K) to 2.00 W/(m-K) can
be determined with an accuracy of +10%. The volumetric
specific heat can also be determined in the range of 0.50 to
4.00 MJ/(m*K) with an accuracy of £10%.

The densities of PCMs were measured with a +1%
accuracy by applying a specific gravity bottle process. The
volume of the PCM in the liquid state was measured in the
container, and its weight was measured in the weighing
machine. The differences between the weight of the bottle
and the weight of the bottle with the PCM provide the PCM’s
weight in the liquid state. The density, the weight, and the
volume of the liquid PCM were measured by the specific
gravity. Nevertheless, uncertainties were noted for each

FiGure 1: Experimental setup with viscometer and KD2 pro-
thermal property analyser.

PCM, with reference to the evaluation of their thermal
conductivity and specific heat [36]. Table 1 shows the
thermal conductivity and specific heat values of the plaster,
the terracotta brick, and the studied PCMs on both solid and
liquid states (with uncertainties). The phase transition
temperatures of PCMs were measured using differential
scanning calorimetry [37, 38] and are presented in Table 1.

2.3. Design Methodology. The outline of analysed terracotta
bricks and their corresponding dimensions is depicted in
Figure 2:

(i) Figures 2(a) and 2(b) illustrate the design of a solid
terracotta brick size of 0.29m longx0.14m
wide x 0.09 m high.

(ii) Figures 2(c) and 2(d) show the design of a terracotta
brick integrated with one PCM layer (PCMTB-A).

(iii) Figures 2(e) and 2(f) show the design of a terracotta
brick integrated with two PCM layers (PCMTB-B).

(iv) Figures 2(g) and 2(h) show the design of a terra-
cotta brick integrated with three PCM layers
(PCMTB-C).

Each PCM layer within the terracotta brick is of the size
0.29 m x0.06 m x 0.01 m. Figure 3(a) shows the cube-sha-
ped building model (3.00 m x 3.00 m x 3.00m) considered
for the objectives of this work. The terracotta bricks are laid
in and bound together with plaster; accordingly, the bond
between bricks and plaster is equal to 0.0125m. Further-
more, the thickness of the conventional reinforced cement
concrete (RCC) roof is 0.15m, while as seen in Figure 3(b),
both sides of its structure are covered with a plaster of
0.0125m.

2.4. Analytical Methodology. As it is well known, the cooling
loads through building envelopes can be diminished by
adjusting their thermal mass, as well as by increasing their
thermal resistance. PCM stuffed terracotta bricks can sig-
nificantly improve the thermal mass and thermal resistance
of building structure.

The steady-state transmittance (Uj) relies exclusively on
the thermal conductivity of the involved materials. There-
fore, a steady-state transmittance signifies only the thermal
resistance. On the contrary, an unsteady-state transmittance
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TaBLE 1: Thermophysical properties of studied building materials.

Phase Solid
transition PCM k (W/(m-K)) Liquid PCM temp. Cp (kJ/(kg-K)) p (kg/ m>)

range temp.
PCM (°C) (°C) Solid Liquid (°C) Solid Liquid Solid  Liquid
OM18 14-20 14 0.182+£0.002 0.176 £0.003 28 2.93+0.02 2.70+£0.02 907+6 871+5
HS22 18-28 15 1.14+£0.001 0.57 +0.005 28 2.28+0.06 2.53+0.03 1651+3 1556+4
OM29 24-33 20 0.293+0.004 0.173 £0.007 33 2.33+£0.02 2.72+0.01 976+5 880%3
OM32 28-38 28 0.219+0.002 0.145+0.002 40 3.13+0.01 2.82+0.02 926+4 875+2
OM37 33-40 33 0.17+0.003 0.14+0.002 45 2.56+0.04 2.63+0.02 974+2 865+3
Plaster — 0.721 £0.005 — — 1.76 £ 0.04 — 840+3 —
Terracotta —  062£0004  — — 0816+004  —  1950+5 —
brick

0.29m T 0.14m.

- |
| ‘ .
0.09m
|
0.0125P + 0.14TB + 0.125P

(a) (b)

()
l |
(e)

0.0125P + 0.04TB + 0.01PCM + 0.04TB +

0.01PCM + 0.04TB + 0.0125P

0.125P + 0.028TB + 0.01PCM + 0.027 + 0.01PCM
+0.027TB + 0.01PCM + 0.028TB + 0.0125P

(® (B)

FI1GURE 2: Outline of assumed terracotta brick geometries: (a)-(b) solid terracotta brick; (c)-(d) terracotta brick with one PCM layer; (e)-(f)
terracotta brick with two PCM layers; (g)-(h) terracotta brick with three PCM layers.
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()

FIGURE 3: (a) Cube-shaped building model; (b) RCC roof configuration.

(U,) is the measure of both the thermal resistance and the
thermal mass of building elements (walls, slabs, roofs, etc.),
as it simultaneously takes into account the thermal con-
ductivity, the specific heat capacity, and the density, under
periodic thermal conditions. A lower unsteady-state thermal
transmittance value signifies a higher thermal resistance and
thermal mass [39-43]. The steady-state thermal transmit-
tance U indicates the heat transfer rate through a building
configuration. A lower value of steady-state transmittance
implies better thermal resistance of its assembly. It is given
by the following equation:

1 X, X, X 1\
U S i . L 1
TB+PCMs <ho kp ka kpcm hi ( )

To determine the unsteady-state transmittance, the at-
tenuation factor (decrement factor), and the time delay (time
lag) of masonry walls settled with solid terracotta bricks and
PCM stuffed terracotta bricks, a one-dimensional heat
diffusion equation was solved by applying the admittance
method to compute unsteady parameters:

¥T _13T
axz_(x'aT’
e
[Te} cosh (m + im) M Ti] @)
9e qi

¢ sinh (m + im) cosh(m + im)

where T, is the cyclic temperature, g, is the cyclic heat flux,
indicates the thermal diffusivity (a = k/pC,), and m signifies
the cyclic thickness (m=x-z). In addition, x specifies the
element thickness, while z refers to the finite thickness of the

element (z = /pc,/kn), and n is the cyclic period.

The characteristic admittance of an element is derived by
()= +fj anpcp/n and therefore it is

5
(b)
. b, +1ib
[fl f2,| b1+lb2 (3C 4)
s hu c(=by +ib;) b, +ib,
b, = coshm cosm,
(3)

b, = sinhmsinm,

1
b, = (coshm sinm + sinh n cos m)(W),

by = (coshm sinm + sinh m cos m)(i).

V2

Moreover, it is
The matrices for internal and external surface resistances

are given by
1 k' 1!
Ty = T = . (4)
0 1 0 1

The transmission matrix for conventional walls with
convection resistance is given by

[Te] _[1 h,.IMm1 mZHnl nz] [1 hOIHT,.]
Qe—()l ms 1 ”3”1"01 qi’
(5)

where m and n indicate different building materials:

9e Ay Ayl g
The unsteady-state transmittance Uy, is the heat flow at
the inner surface when the exterior surface is exposed to a
periodic temperature variation, while the room temperature

is maintained at a constant temperature. It can be computed
by the following equation:



(7)

The attenuation of the sinusoidal heatwave through the
wall/roof is called the decrement factor (f) or attenuation
factor. It is the ratio of the unsteady transmittance to the
steady transmittance:

=g (8)
=0

Then again, the time lag (¢) specifies the time it takes for
a heatwave to propagate from the exterior to the interior
surface, with respect to the temperature peaks. Its value is

given by
12 j
9= ;arctan(gig) 9)

A MATLAB code was developed to compute unsteady-
state transmittance, decrement factor, and time lag of var-
ious masonry walls settled with terracotta bricks. In a second
step, the determined unsteady-state transmittance was uti-
lized to estimate the potential for air-conditioning cost-
saving and carbon emission mitigation potential, as well as
the payback periods of buildings.

2.5. Cost Assessment Methodology. The temperature differ-
ences between the external environment and the constant
reference temperature within the internal space of a building
zone delineate the heating and cooling loads through
building enclosures. The degree-hours approach is a feasible
method to compute annual energy usage. The annual energy
savings of building envelopes for heating and cooling can be
estimated by using heating degree-hours (HDH) and cooling
degree-hours (CDH). According to the ASHRAE require-
ments, 18°C is assumed as the base temperature for both
cooling and heating of buildings. ASHRAE meteorological
data have been utilized for cooling and heating degree-hours
in Ahmedabad (23.07°N 72.63°E) and Lucknow (26.75°N
80.88°E), in India [44]. Figure 4 shows the monthly cooling
and heating degree-hours for both mentioned cities. Table 2
shows the elements considered for the corresponding
thermoeconomic analysis. The sol-air temperature is the
temperature which gives the combined effect of outdoor
temperature distribution and incident solar radiation. The
CDH can be computed by multiplying the number of
cooling hours with the difference in sol-air temperature and
base temperature. Similarly, HDH can be computed by
multiplying the number of heating hours with the difference
in sol-air temperature and base temperature as shown in
equations (10) and (11), respectively:

HDH = N (T, - Ts), (11)
where N¢ and Ny are the number of cooling and heating

hours, T is the constant-base temperature, and T; is the sol-
air temperature.
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The thermoeconomic analysis can be performed to
compute parameters such as cooling and heating cost sav-
ings (C. and ), total air-conditioning cost-savings (Cy),
payback period (PB), and carbon emission mitigation (CM)
[45-47]. The cooling and heating cost-saving findings
provide information about the beneficial impact of inserting
PCMs in terracotta bricks, compared with conventional
solid terracotta brick assemblies in buildings. They can be
computed by using the following equations:

107>.C..CDH.AU"
C.= e L, 12
¢ ( COP ) (12)
-3 s
Ch:(m .Cn.HDH.AUt). (13)
n

Moreover, the total air-conditioning cost savings can be
obtained from the following equation:

C,=C,+C, (14)

It should be noted that C;, and C, refer to the heating and
cooling cost savings, while AUj is the difference in unsteady-
state thermal transmittance between the solid terracotta
brick scenario and the filled with PCMs terracotta brick
scenario.

Saving of electricity leads to a wanted carbon mitigation
effect. This effect can be obtained from

M. =107 AUt p, CPE | aps p, HPH (15)
[ tplcop t'p2' ’7 .

where p; is the mass of carbon emission per unit energy
production by the coal power plant and p, is the mass of
carbon emission per unit energy production by natural gas.

Finally, the payback period highlights the time it takes
for PCMs to recover the funds invested (the initial invest-
ment cost). It is derived by the following equation:

In[C,.(i - d)/C, +11]

- (16)
In(1+4)/(1+d)

The inflation rate (i) and discount rate (d) values are
considered as per the Indian scenario. This payback period
method considers inflation rate and discount rates, but it
does not consider the escalation rate of energy.

3. Results and Discussion

3.1. Unsteady Parameters of Various PCM-Stuffed Terracotta
Bricks. Equations (1) and (7) are applied to assess steady and
unsteady transmittances of bricks, respectively. Figure 5(a)
depicts the steady and unsteady transmittances of solid and
terracotta bricks stuffed with PCMs. From these results, it is
noted that the unsteady transmittance is lower than the
steady transmittance for all the studied bricks. On the other
hand, the unsteady transmittance depends on the funda-
mental thermophysical properties of bricks, such as thermal
conductivity, specific heat capacity, and density. Unsteady
transmittance is the finest measure to assess the thermal
mass and thermal resistance of a structure, while it allows an
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FIGURE 4: Annual cooling and heating degree-hours in Ahmedabad and Lucknow.
TaBLE 2: Elements used for the thermoeconomic analysis.
S. No. Elements Value
1 Annual cooling degree-hours (CDH;3°c) (*C-hours) in ahmedabad and lucknow 82440 and 6614
2 Annual heating degree-hours (HDH,5°c) ("C-hours) in ahmedabad and lucknow 264 and 4512
3 Outside and inside heat transfer coefficients (h, and h;) (W/m?K) 25.00 and 7.70
4 Coeflicient of performance (COP) 2.50
5 Unit cost of electricity (C,) ($/kWh) 0.082
6 Unit cost of natural gas (C,) ($/kWh) 0.014
7 Efficiency (1) 0.80
8 Mass of CO, emission rates per unit usage of electricity (p;) (kg//kWh) 0.98 x 1.60
9 Mass of CO, emission rates per unit usage of natural gas (p,) (kg//kWh) 0.18
10 Material cost of PCMs (C,) ($/kg) COM18, CHSZZ’ COMZQ) COM32a and COM37 3.75, 1.26, 4.29, 2.68, and 2.86
11 Inflation rate (i) 7.6%
12 Discount rate (d) 6.6%

accurate calculation of air-conditioning cost-saving poten-
tial of various terracotta bricks stuffed with PCMs. As it is
already mentioned, a lower value of unsteady transmittance
indicates a better thermal performance of terracotta bricks
(in relation to the thermal mass and the thermal resistance).
PCMs in the liquid phase provide the least values of steady
and unsteady transmittance compared to the solid phase,
due to their superior thermophysical properties in this state.

In general, amongst all studied terracotta brick configura-
tions (TB, PCMTB-A, PCMTB-B, and PCMTB-C), the
PCMTB-C configuration has shown the best thermal be-
haviour due to its lowest unsteady transmittance value.
Furthermore, in relation to the optimal PCM (OM18, HS22,
OM29, OM32, and OM37), it is revealed that the OM32
shows the lowest steady and unsteady transmittance values.
The order of preference of the examined PCMs from the
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FIGURE 5: Thermal characteristics of terracotta bricks integrated with PCMs: (a) Steady and unsteady transmittance variations; (b) decrement
factor and time lag variations.
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least steady and unsteady transmittance to the highest steady
and unsteady transmittance is OM32 < OM37 < OM29 <
HS22 < OM18.

The decrease of the decrement factor, as well as the
increase of the time lag by selecting terracotta brick, can
affect substantially the indoor thermal comfort conditions in
buildings; in that respect, temperature peaks due to the
heatwave can be attenuated and shifted from peak hours to
nonpeak hours. To assess the decrement factor and time lag
values, one can apply equations (8) and (9), respectively. To
improve the thermal performance of terracotta brick, the
attenuation factor should be as low as possible, while the
time lag should receive a high value. Figure 5(b) shows the
attenuation factor and its time lag of various terracotta
bricks stuffed with PCMs. PCMs in the liquid phase lead to
the lowest values of the attenuation factor and the highest
values of time lag, in relation to the solid phase. PCMTB-A
and PCMTB-B configurations are designed with one and
two layers of PCMs, respectively. The PCMTB-C is designed
with three layers of PCM, and therefore the PCMTB-C offers
the highest thermal mass compared to PCMTB-A and B. As
it is expected, with regard to all analysed terracotta brick
configurations (TB, PCMTB-A, PCMTB-B, and PCMTB-C),
the PCMTB-C configuration has shown the lowest attenu-
ation factor and the highest time lag values due to enhanced
thermal mass. In addition, for the optimal PCM (OM18,
HS22, OM29, OM32, and OM37), it is exposed that the
OM32 shows the lowest attenuation factor and the highest
time lag. To conclude, the thermal performance of all
analysed terracotta brick walls stuffed with a certain PCM is

clarified by  fomsz <foms7 <fomzo < fusz2<fomis and
Poms2> Pomsz > Pomz9 > PrHs22 > Pomis-

3.2. Cooling and Heating Cost saving of Terracotta Brick
Buildings Integrated with PCMs. Equations (12) and (13) are
applied to compute cooling and heating cost saving of
various PCM stuffed terracotta brick buildings compared to
solid terracotta brick buildings. Figures 6(a) and 6(b) il-
lustrate the cooling and heating cost saving of various
buildings, arranged with masonry walls (solid terracotta
walls and terracotta walls integrated with PCMs) in
Ahmedabad and Lucknow climates.

In Ahmedabad, terracotta brick wall configurations
PCMTB-A stuffed with a certain PCM of OM18, HS22,
OM29, OM32, and OM37 have shown a cooling cost saving
of $59.92, $ 61.34, $ 62.00, $ 63.34, and $ 62.35, respectively.
Likewise, the heating cost saving is $ 0.1, $ 0.1, $ 0.1, $ 0.11,
and $ 0.1. Evidently, amongst all examined PCMs in the
PCMTB-A assembly, the OM32 shows the highest cooling
and heating cost saving. Furthermore, the terracotta brick
wall configuration PCMTB-B stuffed with OM32 PCM
shows the highest cooling and heating cost saving of $ 69.27
and $ 0.11, respectively. Similarly, with respect to all sim-
ulated terracotta brick wall configurations, the PCMTB-C
stuffed with OM32 showed the highest cooling and heating
cost saving of $ 74.58 and $ 0.12, respectively.

Similarly in Lucknow, terracotta brick wall configuration
PCMTB-C stuffed with OM32 PCM shows the highest

cooling and heating cost saving of $ 59.8 and $ 2.04, re-
spectively. As seen, the cooling cost saving is more evident in
Ahmedabad than in Lucknow, due to its hot-dry climatic
conditions. Nevertheless, the heating cost saving is pre-
dominant in Lucknow in comparison to Ahmedabad, due to
its exposed composite climate.

The most influencing thermal characteristic for en-
hancing cooling and heating cost savings is the unsteady
transmittance of PCM integrated terracotta bricks. A lower
value of unsteady transmittance contributes to higher
cooling and heating cost savings. The best order of PCMs as
per the highest cooling and heating cost-saving is
OM32 > 0OM37 > OM29 > HS22 > OM18. The preferred or-
der of PCM stuffed terracotta brick configuration as per the
highest cooling and heating cost-saving is PCMTB-
C>PCMTB-B > PCMTB-A.

3.3. Total Building Air-Conditioning Cost Saving of Terracotta
Brick Buildings Integrated with PCMs. Equation (14) is used
to estimate the total building air-conditioning cost saving of
terracotta brick buildings integrated with PCMs compared
to conventional terracotta brick buildings. Figure 7 shows
the total building air-conditioning cost saving of terracotta
brick buildings stuffed with PCMs compared to solid ter-
racotta brick buildings in Ahmedabad and Lucknow
climates.

In Ahmedabad, terracotta brick wall configurations
PCMTB-A, stuffed with PCMs of OM18, HS22, OM29,
OM32, and OM37 have shown an overall total building air-
conditioning cost saving of $ 60.02, $ 61.44, $ 62.1, $ 63.45,
and $ 62.63, respectively. Amongst all PCMs in the PCMTB-
A, the OM32 underlines the highest total building air-
conditioning cost saving. The terracotta brick wall config-
uration PCMTB-B stuffed with OM32 PCM shows the
highest total building air-conditioning cost saving of $ 69.4
among all examined configuration in this category. In
overall, among all assumed terracotta brick wall configu-
rations stuffed with PCMs (PCMTB-A, PCMTB-B, and
PCMTB-C), the PCMTB-C configuration with PCM cor-
responding to OM32 shows the maximum total building air-
conditioning cost saving of $ 74.7.

In Lucknow, amongst all the examined terracotta brick
wall configurations, the PCMTB-C stuffed with OM32 re-
veals the highest total building air-conditioning cost saving
of $ 61.9. In Ahmedabad and Lucknow, the terracotta brick
wall configuration PCMTB-B with OM32 shows a 9.35%
increase in total building air-conditioning cost saving
compared to PCMTB-A with OM32. The terracotta brick
wall configuration PCMTB-C with OM32 shows an incre-
ment of 17.73% in total building air-conditioning cost saving
compared to PCMTB-A with OM32.

3.4. Carbon Emission Mitigation Potential of Terracotta Brick
Buildings Integrated with PCMs. Equation (15) was used to
determine the carbon emission mitigation of terracotta brick
buildings stuffed with PCMs compared to solid terracotta
brick buildings. Figure 8 shows the carbon emission
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FIGURE 6: Annual cooling and heating cost of terracotta brick buildings integrated with PCMs: (a) Ahmedabad; (b) Lucknow.
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mitigation potential of terracotta brick buildings integrated
with PCMs in Ahmedabad and Lucknow climates.

In Ahmedabad, terracotta brick wall configurations
PCMTB-A stuffed with PCMs of OM18, HS22, OM29,
OM32, and OM37 have shown a carbon emission mitigation
of 1.15 ton/kWh, 1.17 ton/kWh, 1.19 ton/kWh, 1.21 ton/
kWh, and 1.20 ton/kWh, respectively. Amongst all PCMs in
the PCMTB-A assembly, the OM32 shows the highest
carbon emission mitigation; the findings have led to a 1.21
ton/kWh mitigation effect due to the significant air-con-
ditioning cost saving for this selection. The terracotta brick
wall configuration PCMTB-B stuffed with OM32 shows the
highest carbon emission mitigation of 1.33 ton/kWh among
all studied PCMs. Within the framework of all analysed
terracotta brick wall configurations stuffed with PCMs
(PCMTB-A, PCMTB-B, and PCMTB-C), the PCMTB-C
configuration with PCM corresponding to OM32 shows the
highest carbon emission mitigation of 1.43 ton/kWh.

Then again, in Lucknow, amongst all the terracotta brick
wall configurations (PCMTB-A, PCMTB-B, and PCMTB-C)
stuffed with PCMs, the PCMTB-C formations with PCM
corresponding to OM32 highlights the highest carbon
emission mitigation of 1.17 ton/kWh. In Ahmedabad and
Lucknow, the terracotta brick wall configuration PCMTB-B
with OM32 shows an increment of 9.35% in carbon emission
mitigation compared to PCMTB-A with OM32. The ter-
racotta brick wall configuration PCMTB-C with OM32
shows an increment of 17.73% in carbon emission mitiga-
tion compared to PCMTB-A with OM32.

3.5. Payback Periods of Terracotta Brick Buildings Integrated
with PCMs. Equation (16) was used to calculate the payback
period of terracotta brick buildings stuffed with PCMs.
Figure 9 shows the payback periods of terracotta brick
buildings integrated with PCMs compared to conventional
terracotta bricks in Ahmedabad and Lucknow.

In Ahmedabad, terracotta brick wall configurations
PCMTB-A stuffed with PCMs of OM18, HS22, OM29,
OM32, and OM37 have resulted in a payback period of 13.6
years, 8.1 years, 15 years, 9.4 years, and 10 years, respectively.
Amongst all PCMs in the PCMTB-A assembly, the HS22
shows the least payback period of 8.1 years followed by 9.4
years for OM32. The payback periods increase from the
configurations PCMTB-A to PCMTB-C due to the increased
cost of incorporating PCMs in terracotta bricks. Accord-
ingly, the PCMTB-A and PCMTB-B configurations are
more profitable from an economic point of view, while they
present rational payback periods in contrast to PCMTB-C.
For the lower payback periods, the following PCM materials
are preferred in sequence: HS22, OM32, OM37, OM18, and
OM29. The preferred sequential order of PCM is the same as
material cost sequential order of PCM from low cost to high
cost. The material cost of PCM is the most influential pa-
rameter in the payback period of PCM integrated terracotta
bricks. From the lowest payback periods perspective, the
configurations PCMTB-A and PCMTB-B are preferred over
PCMTB-C.

The results of the above research findings apply to hot-
dry and composite climatic conditions. The research can be
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extended to other climatic regions as well. Future research
can be carried out on energy-efficient building envelopes
integrated with various combinations of new PCMs.

4. Conclusions

This work evaluates the unsteady heat transfer character-
istics, air-conditioning cost-saving, carbon emission miti-
gation, and payback periods of various PCM stuffed
terracotta bricks compared to conventional terracotta bricks.
In that respect, the thermophysical properties of five dif-
ferent PCMs (OM18, HS22, OM29, OM32, and OM37) in
both solid and liquid phases were measured. This paper
presents a mathematical model to compute unsteady ther-
mal parameters which are further utilized for computing the
air-conditioning cost-saving potential of PCM stuffed ter-
racotta brick buildings in hot-dry and composite climates of
India.

(i) The buildings of PCMTB-C configuration stuffed
with OM32 saves the highest yearly air-condi-
tioning costs of $ 74.70 and $ 61.9, respectively, in
hot-dry and composite climates of India among all
three terracotta brick configurations (PCMTB-A, B,
and C) with five PCMs (OM18, HS22, OM29,
OM32, and OM37) studied.

(ii) The buildings of PCMTB-C configuration stuffed
with OM32 saves the highest carbon emission
mitigation of 1.43 ton/kWh and 1.17 ton/kWh,
respectively, in hot-dry and composite climates of
India among all three terracotta brick configura-
tions (PCMTB-A, B and C) with five PCMs (OM18,
HS22, OM29, OM32, and OM37) studied.

(iii) The steady and unsteady transmittances reduce
with the increase in the PCM layers in the terracotta
bricks. PCMTB-C configuration stuffed with OM32
PCM gives the least steady and unsteady trans-
mittance due to its improved thermal mass and
thermal resistance compared to all studied con-
figurations with five PCMs.

(iv) The attenuation factor reduces and time lag en-
hances with the increase in the PCM layers in the
terracotta bricks. PCMTB-C configuration stuffed
with OM32 PCM gives the least attenuation factor
and the highest time lag due to its improved
thermal mass and thermal resistance compared to
all studied configurations with five PCMs.

(v) The best order of PCMs as per the desirable un-
steady parameters, highest air-conditioning cost-
saving, highest carbon emission mitigation po-
tential is OM32 > OM37 > OM29 > HS22 > OM18.
The preferred order of PCM stuffed terracotta brick
configuration as per the desirable unsteady pa-
rameters, highest air-conditioning cost-saving, and
highest carbon emission mitigation potential is
PCMTB-C > PCMTB-B > PCMTB-A.

(vi) The payback period of the building increases with
the increase in the PCM layers in the terracotta
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brick. PCMTB-A stuffed with HS22 buildings in
hot-dry climate shows the least payback period of
8.1 years among all three terracotta brick config-
urations (PCMTB-A, B, and C) with five PCMs
(OM18, HS22, OM29, OM32, and OM37) studied.
For the lower payback periods in hot-dry and
composite climates, the following PCM materials
are preferred in sequence: HS22, OM32, OM37,
OM18, and OM29. From the lowest payback pe-
riods perspective, the configurations PCMTB-A
and PCMTB-B are preferred over PCMTB-C.

(vii) It is recommended to use PCMTB-B configuration
with OM32 for buildings to have desirable unsteady
parameters, higher air-conditioning cost-saving,
higher carbon emission mitigation potential, and
acceptable payback periods. It is not advisable to go
for PCMTB-C configuration due to its long pay-
back period of about 20 years.

The results of this study are useful in designing energy-
conscious buildings with PCM-integrated terracotta bricks.

Nomenclature

9

Cooling cost saving ($)

Unit cost of electricity ($/kWh)

Heating cost-saving ($)

Material cost of PCM ($/kg)

Unit cost of natural gas ($/kWh)

Specific heat (kJ/(kgK))

Annual air-conditioning cost-saving ($)
Discount rate (%)

Decrement factor (-)

Heat transfer coefficient (W/(m*K))
Inflation rate (%)

Thermal conductivity (W/(m-K))

Mass of CO, emission reduction (ton/kWh)
Nc: Number of cooling hours (h)

Np: Number of heating hours (h)

P> Mass of CO, emission due to energy production (kg/

o.

B

2.

OO0000

b}

T RO

8

pg: kWh)
T,:  Base temperature (°C)
Ty Sol air temperature (°C)

U: Thermal transmittance (W/(m*K))
U:  Unsteady transmittance (W/(m?>K))
X: Building material thickness (m)

Greek letters

Thermal diffusivity

Efficiency of natural gas power generation
Time lag (h)

Density (kg/m”)

REIER

Acronyms

CDH:  Cooling degree-hours ("C-hours)
COP: Coefficient of performance
HDH:  Heating degree-hours (‘C-hours)

HS: Hydrated salt
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OM: Organic mixture

P: Plaster

PP: Simple payback period
PCM:  Phase change material
PCMTB: PCM-stuffed terracotta brick
TB: Terracotta brick.
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In modern architecture, highly glazed commercial buildings account for considerable amount of energy, specifically in cold and
hot climates because of heating, cooling, and lighting energy load demand. Abatement of this high building energy is possible by
employing semitransparent photovoltaic (STPV) window which has triple point advantages as they control the admitted solar gain
and daylight and generates benign electricity. Integration of internal light shelves (ILS) to this STPV window assists in controlling
visual comfort. Thus, this study aims to evaluate the impact of a nonuniform layout of double-glazing (DG) low-e STPV and DG
low-E argon-filled clear glass integrated into a fully glazed open-office facade combined with ILS in cardinal orientations under
Riyadh, London, Kuala Lumpur, and Algiers climates. Comprehensive energetic and radiance simulations were conducted to
evaluate three groups of STPV configurations. The first group replaced the glazing area with amorphous silicon (a-Si) modules
with different transparencies; the second and third groups changed only 75% and 50% of the glazing area, respectively, with STPV's
integrated with the ILS. The results revealed that the integration of a-Si modules did not meet the visual comfort requirements but
obtained the maximum saving in the east-west axis. It was also found that the optimum design on the south-facing facade with the
nonuniform facade achieved 50% of STPV10 coverage in clear glazing windows combined with ILS; the energy saving ratios
comparing the reference models were 76%, 83%, 65%, and 70% in Riyadh, London, Kuala Lumpur, and Algiers, respectively. Thus,
the integration of STPVs with ILS is considered a more efficient way and effective solution to reduce the possibility of
glare discomfort.

1. Introduction

Currently, the overall energy consumption in the buildings
sector is responsible for almost one-third of the energy used
worldwide. Heating, cooling, and artificial lighting load
demands are the reason for this high consumption. Energy
loss and gain both incur in higher order through the
transparent building window envelopes [1, 2]. Traditional

buildings windows are highly transparent single- or double-
glazing type which allows excessive amount of solar heat and
daylight both into a building interior. In modern archi-
tecture, percentages of fully glazed facades are gaining
importance which can increase further the energy demand.
Controlling this entering light is of utmost importance to
reduce the building energy demand and enhance the oc-
cupants’ comfort [3]. However, daylight in a fully glazed
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building design provides tremendous psychological benefits
to building occupants and reduces electrical lighting energy
[4]. Hence, suitable light control mechanism is required
which will control the solar heat and by employing proper
daylighting overall energy cost can be reduced. Previously,
light shelves [5] were often employed to building to obtain
visual and thermal for occupants. Light shelves can be static
flat or curved reflective shaped and can easily be mounted on
the external or internal part of vertical opening. They can
offer shading, redirect incoming light flux towards the
ceiling, and improve uniform daylight penetration [6-8].
However, it has some limitations such as increase of solar
gain may offset the lighting energy saving potential, issues
created from glare, and maintenance requirement for dy-
namic light shelves [7].

Recent trend is to employ semitransparent window over
tully transparent window to control the entering solar light.
Semitransparent photovoltaic (STPV) windows are specially
gaining importance as they have ability to abate the energy
demand being energy efficient over conventional windows
[9]. They are considered a promising fenestration technology
that can preserve energy and provide thermal and visual
comfort [10]. Thin-film a-Si (amorphous silicon), cadmium
telluride (CdTe) [11], and copper indium gallium selenide
(CIGS) PVs have the ability to modulate the entering light
and produce benign power [12, 13]. Also third-generation
DSSC [14] and perovskites [15, 16] are able to tune the
transparency. Some of them are integrated in commer-
cialised products with module effectiveness of up to 10% and
cell efficiency of up to 13.6% [17] on the basis of the optical
(visible light transmittance) and thermal characteristics and
PV system used [18].

The most significant rating indices used for evaluating
the thermal performance of an STPV fenestration system are
the solar heat gain coefficient (SHGC) and thermal trans-
mission (U-value) [19]. In short, the U-value measures the
overall heat transfer from a material and is expressed be-
tween the values of 0.1 and 1, where lower U-value indicates
high thermal insulation. It is considered an important factor
in cold climate [11], but has less effect than the SHGC in
warmer climate due to direct solar radiation [20]. Fung and
Yang [21] found that the area of solar cells in the PV module
significantly affect the total heat gain, since nearly 70% of the
total heat gain was reduced when the solar cell area ratio,
defined as PV module area covered by solar cells, was set at
0.8. However, other parameters, such as solar cells’ efficiency
and the PV module thickness, had only limited influence. He
et al. [22] compared the performance of a-Si PV single- and
double-glazing windows in east China both numerically and
experimentally. The double-glazing solution was found to be
able to decrease indoor heat gains to 46%, enhancing indoor
thermal comfort. Didoné and Wagner [23] carried out a
numerical simulation to assess the potential energy savings
of STPVs in tropical climates. The results revealed that the
use of an appropriate control system and an energy pro-
duction could achieve 17% to 43% potential energy savings.
In the same climate, Ng and Mithraratne [24] evaluated the
overall energy performance of six commercially available
STPV modules by calculating net electrical benefits (NEB)
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for different WWR window designs in Singapore. They
found that the integration of all STPVs with appropriate
WWR performed better than conventional windows in
terms of energy saving. Elsewhere, the possible benefits of
integrating STPVs in Mediterranean climates was explored
by Olivieri et al. and Mesloub et al. who suggested that the
technology potential is high [25, 26]. While Huang et al. [27]
proved that double-glazing Low-e STPVs performed better
than conventional double-glazing windows on the west and
east orientation in cooling dominant climate. Kapsis and
Athienitis [28, 29] investigated the effect of optical pa-
rameters of STPV windows by using the first-generation
module on the energy performance of using the concept of a
three-section facade. The results revealed that STPVs with
10% transmittance could save up to 53.1% electricity and
daylight requirements achieved with an effective transmit-
tance of more than 30% and 40%. Li et al. [30] recommended
that the ratio of PV cells for double-skin STPV facades can
be less than 60% to achieve the requirements of indoor
daylighting in Tianjin, China. Chang et al. [1] developed a
novel dynamic daylighting metric to assess STPVs by
considering the effect of window sizes and orientations
within the same context. The results revealed that the op-
timal orientation is the south to achieve the lowest annual
net energy and daylighting quantity and quality.

However, power generation from STPV is strongly
correlated with the transmittance level of PV. Lower
transmittance generates higher power while stops viewing
from interior to exterior while higher transmittance gen-
erates lower power and allows viewing. The current practice
of STPVs is applied to uniform layouts for the whole window
area. Only a few studies have investigated the spatial dis-
tribution of glazing types [31], as well as the application of
STPV with different transparencies and window-to-wall
ratio (WWR), which is considered an effective daylighting
strategy to control the quantity of daylight and produce
energy [32]. However, for large STPV facades, the lower part
of the window can reduce the light transmission but the
upper part still allows higher light [33] which further needs
to be abated. To limit the light transmission from the upper
part of the window inclusion of light shelves can be an
option. For the first time, this study will evaluate the impact
of nonuniform layouts of DG low-e STPV and DG low-e
argon-filled clear glass integrated in fully glazed open-office
facades, combined with internal light shelves in cardinal
orientations in different climates. The outcome will propose
an optimum balance solution in terms of energy saving and
visual comfort in the application of future buildings.

2. Materials and Methods

A comprehensive numerical parametric simulation of in-
tegrated STPVs combined with ILS was conducted based on
EnergyPlus and Diva-for-Rhino simulation tools. All STPV
configurations were simulated in four diverse climates to
analyze the influence of different latitude and climatic
conditions on the optimal configuration of the combined
systems. The Meteonorm meteorological database corre-
sponding to Riyadh was used for the subtropical desert
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climate, while the Typical Meteorological Year (TMY) files
of London, Algiers, and Kuala Lumpur were used for the
marine west coast (temperate) and Mediterranean climates
and tropical rainforest, respectively. Among the most im-
portant reasons for selecting these cities are the differences
in external temperature (either too cold, too hot or average)
and the amount of solar radiation that affect the solar panel
performance and external illuminance in each zone based on
the sky condition. Table 1 shows the location and climatic
conditions of each zone based on Koppen Climate
Classification.

2.1. Perimeter Zone Configuration. An open-plan perimeter
office zone was modelled using the Diva-for-Rhino simu-
lation software in cardinal orientations as shown in Figure 1.
The area of the open-office is based on the US Department of
Energy (DOE) large commercial building prototype [34],
which is a 180 m” furnished area that is 20 m wide by 9m
deep with a 3 m high ceiling. The height of the furniture was
taken into account to provide all occupants with access to
outdoor views and no exterior obstructions.

2.2.STPV Configurations. In this study, a total of nine STPV
configurations and reference models were examined refer-
ring to the level of transmittance (10%, 20%, and 30%) and
the height and length of flat internal light shelves. The spatial
combination of STPVs, glazing surfaces, and internal light
shelves is based on the principle of dividing the facade into
upper daylight and the lower part for viewing [31]. Mean-
while, the length of ILS is equal to the distance to the
clerestory [7]. The STPV configurations can be divided into
three main groups. The first group replaces the full clear
glazing (100% WWR) by STPV's with variant transparencies.
The second group considers the glazing divided into two
continuous stripes. The lower part of the glazing is integrated
with the STPVs with 75% of total area of glazing. The upper
daylight part utilises the clear glass as well as sets up flat ILS
0.75m in length and 2.25m in height. The third group
divides the glazing into two equal continuous stripes, with a
1.5m ILS length, while keeping STPVs on the bottom and
clear glass on top, as clearly shown in Figure 2.

The chosen STPVs were amorphous silicon (a-Si) types
that were obtained from Onyx in Spain and had a range of
visible light transmittance (10%, 20%, and 30%), suitable for
building residents with an excellent outdoor view. The
performance of ordinary a-Si PV thin-film modules becomes
distinctly low (less than 5%). As a result, a change between
the energy and daylighting performances ought to be af-
fected to maximise the benefits of energy. A better PV
module transmittance could result in a decline of energy
conversion efficiency as well as an upgrade of the solar heat
benefit coefficient. Table 2 describes the thermooptical
properties of various STPV models used in the analysis.

2.3. Energy and Radiance Simulation. The energy modelling
of EnergyPlus makes it possible to simulate the energy
production of the STPV system by means of an equivalent

one-diode model [35]. This model uses an empirical rela-
tionship to predict the operating performance of the PV
based on conditions such as PV cell temperature and esti-
mation of conversion efficiency for each time step. Never-
theless, a comprehensive validation was performed in
previous studies [25, 36]. The electrical properties of various
STPV transparencies applied in this study are summarised in
Table 3.

On the other hand, an ideal HVAC system is also as-
sumed to supply the required heating or cooling air to the
related zone to meet the set point indoor air temperature of
26°C in the summer and 20°C in the winter season based on
international standard (ASHRAE 55, ISO 7730), with a
heating and cooling coefficient performance of 1. Taking
into account that the simulated open-office components are
in cardinal orientation, the floor, the ceiling, and the internal
walls were adiabatic. The HVAC system was turned on only
during the occupancy schedule, which was from 8.00 AM to
5.00 PM.

A flat LED ceiling surface-mounted luminaire with an
input power of 17.4 W was installed in regular distances of
1.5m by 2m in columns and rows, respectively. This ar-
rangement is for illuminating the whole work plane with a
sufficient quantity of light in the case of an absence of
daylight based on the lumen method [37].

The quantitative results derived from the radiance
simulation (Diva-for-Rhino program) depend significantly
on the successful configuration of the input parameters
according to the specification of the STPV and ILS design.
The radiance parameters such as materials reflection as
depicted in Table 4 were specified to ensure the photometric
accuracy of the results, which can be categorised as a ray-
tracing algorithm, which tracks rays of light backwards from
the eye to the focus of the scene [38]. The simulation ra-
diance parameters used in the daylighting simulation is
depicted in Table 5.

In this context, the annual climate-based daylight
metrics were applied to evaluate the daylighting perfor-
mance and were compared with the reference model under
various sky and external illuminance conditions. The first
metric is daylight autonomy (DA), which was evaluated
based only on a minimum illuminance level of 300 lux, but
this metric alone failed to consider the effect of glare under
excessive daylighting [1, 39]. The second metric was the
useful daylight illuminance (UDI), which required upper
and lower thresholds from 100 lux to 2000 lux to provide an
effective mechanism to indicate high levels of illumination
linked with discomfort glare and heat gains [40]. Further-
more, the Daylight Glare Probability (DGP) is for glare
assessments [41]. The criteria of assessments for each metric
are summarised in Table 6.

3. Results and Discussion

3.1. Energy Performance Evaluation. The impacts of spatial
distribution transparencies and integrated ILS on the STPV
performance set up in open-office buildings in different
climates were numerically investigated in terms of annual
net energy consumption. Hereafter, the net energy consists
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TasLE 1: Climatic conditions of different cities used in this study.

- . . . Average air temperature in  Annual average solar Sky External
Cities (climate) Latitude Longitude winter and summer (°C) irradiance (kWh/m?) condition  illuminance (klx)
Riyadh (subtropical 2443°N  46.43°E 14.4-36.1 2200 Clear 19 to 35
desert climate)

London (marine west ;) (oo 11y 43-17.3 1000 Overcast 03 to 20
coast climate) “Cfb

Kuala Lumpur (tropical 3 (oen 1) 358 27.2-283 1600 Intermediate 18 to 23
rainforest) “Af

Algiers Mediterranean 5 430y 315 11.1-25.6 1900 Clear- 10 to 36
Csa overcast

FIGURE 1: 3D model of perimeter open-office zone and furniture arrangements in cardinal orientation.
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FiGure 2: STPV configurations applied in each part of the simulation. (a) Reference model. (b) First Group. (c) Second Group. (d) Third

Group.

TaBLE 2: Thermooptical properties of various STPV (10%, 20%, and 30% VLT) and reference glazing models.

Glazing configurations SHGC (%) (%_;iilzulg) External 11(%2; reflection Tra\l;il,}n(t;:)n ce Peak power (Wp/mz)

Double-glazing low-E argon- 0.65 11 13 79 .

filled

STPV DG low-E 10% 0.09 1.6 7.3 10 40

STPV DG low-E 20% 0.12 1.6 7.3 20 34

STPV DG low-E 30% 0.17 1.6 7.3 30 28

TaBLe 3: Input electrical parameters of various STPV TaBLE 4: Material reflection coefficient percentage.

transparencies. - - -
Material Reflection coefficient (%)

Parameters of PV STPV 10% STPV 20% STPV 30% Ceiling 80

Efficiency of module ().) 4% 3.4% 2.8% Floor 40

Max power (Pmax) 123 watts 104 watts 86 watts Wall 70

Max power voltage (Vpm) 132V 132V 132V Furniture 50

Max power current (Ipm) 0.93A 0.79A 0.65A Light shelve 90

Open circuit voltage 191V 191V 191V

Short circuit current 1.15A 0.97 A 0.77 A

Temperature coefficient of —019%/C° —0.19%/C° —0.19%/C° Although the lighting energy consumption recorded the

Prpp highest values, it can reach up to 2600 kWh in overcast sky

Temperature coefficient of ) /00 /0 500000 _0 28%/C° conditions in London. The trend of PV modules with various

¥°C fici ¢ transparencies from 10% to 30% slightly reduced the heating

Iemp erature coeflicient OF 1 0996/C" +0.09%/C" +0.09%/C" and lighting energy; meanwhile, they increased the cooling

SC

of cooling, heating, and lighting energy minus the energy
produced with a-Si solar cells. It is expressed with kWh per
year, as presented in Tables 7 and 8.

On an annual basis, the results revealed that the net
energy consumption of all STPV configurations compared
to the reference model has a significant reduction, in par-
ticular, the cooling load energy, except for the first group of
STPV configurations with all transparencies in the south-
north axis of London due to the counterproductive effect on
the heating load, which almost doubled from 6568 kWh to
7435 kWh for STPV 30% and STPV 10%, respectively. In-
versely, the net energy used by the first group was less than
other configurations in the east-west axis because of the
sharp decline of cooling energy, as depicted in Table 8.

energy due to the entrance of more solar radiance. Also,
there was a remarkable decrease of energy production be-
cause of the low conversion energy efficiency.

As expected, the integration of STPVs in the southern
facade acquired the maximum annual yield, while the
eastern facade had the least lighting energy consumption.
Nevertheless, the more transmittance glazing integrated into
the upper part of the window with ILS obtained a lower
lighting energy in the southern facade, as depicted in the
third group. The south-north axis consumes more energy
than the east-west axis within all climate contexts.

The integration of ILS and STPV (second and third
groups) leads to a significant improvement in terms of
energy in the south-north axis rather than the east-west axis
because of the substantial impact of ILS with high trans-
mittance of clear glass in the upper part of window, which
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TaBLE 5: Radiance parameters used in daylighting simulation.

Radiance parameter ~ Ambient bounces =~ Ambient divisions

Ambient sampling ~ Ambient accuracy =~ Ambient resolution

Value 7 1500

100 0.1 300

TaBLE 6: The performance indicators of visual comfort used in this
study.

Criteria Performance indicator of delighting quantity and quality
100 lux < dark area (needs artificial light)
UDI 100 lux-2000 lux (comfortable), at least 50% of the time
>2000 lux too bright with thermal discomfort

DA Set up 300 Ix

0.35 < imperceptible glare
0.35-0.40 perceptible glare

0.4-0.45 disturbing glare

>0.45 intolerable glare

DGP

reflected the concentrated solar heat gain and daylight into
the back area to reduce both cooling and lighting energy.
Consequently, the optimum energy performance of various
STPVs combined with ILS configurations achieved with the
second group (75% of STPV10 with 0.75 m ILS) in the south-
north axis and the first group (STPV10 without ILS) in the
east-west axis. The variances of net energy consumption
between the optimum and worst configurations in both axes
are approximately 73% to 48% in Riyadh, 94% to 30% in
London, 64% to 36% in Kuala Lumpur, and 73% to 50% in
Algiers, which indicates the importance of balancing the
spatial distribution of glazing and the significant role of ILS
in the southern facade that directly affects energy savings.

3.2. Daylighting Performance Evaluation. The evaluation of
the daylighting performance of various integrated trans-
parencies of STPV a-Si windows combined with ILS sce-
narios was based on achieving a balance between climate-
based daylight metrics (DA300 lux & UDI100 lux-2000 lux
thresholds) and DGP for glare comfort. It is important to
mention that a-Si windows modules were treated as uniform
optical properties. Three effective visible transmittance
values of the STPV window modules were simulated: 10%,
20%, and 30%. The minimum value of 10% was selected to
ensure a certain minimum view to the outdoors.

The figures in Tables 9-12 present the DA300 lux dis-
tribution to quantify the daylighting performance of the
reference model comparing various STPV configurations
with and without ILS in cardinal orientation in different
climates. The reference model achieves the DA300 lux re-
quirements in all-sky conditions, at least 78% in cardinal
orientation. On the contrary, the first group, which replaced
the clear glazing with STPV's with all transparencies, did not
meet the requirements of illuminance design in office 300
lux, the highest percentage obtained in the south orientation
with less than 20% in the best scenario. The second group
noted a remarkable improvement compared to the first
group. Specifically, the south orientation reached up to 20%,
15%, 9%, and 34% in Riyadh, London, Kuala Lumpur, and
Algiers, respectively; this is due to the reflection of daylight

that occurs in the middle of the office because of the inte-
gration of ILS and 25% of clear glass. However, this en-
hancement in DA300 lux distribution still did not achieve
the minimum target of 50%. The third group can effectively
improve luminous environment and exceed 50% of DA300
lux in all the southern offices in all climate regions, in-
creasing from 32% to 59% for (50% of STPV 30%) compared
to (75% of STPV 30%) in Riyadh, 30% to 61%, 11% to 64%,
and 40% to 73% in London, Kuala Lumpur, and Algiers, for
the east-west axis only achieved in tropical climate.

Tables 13-16 display the three UDI bins of the same
configurations mentioned with the first climate-based
daylight metric. The results confirmed again that the ref-
erence model achieved higher than 50% UDI100 lux-2000
lux, but a considerable percentage of UDI >2000 lux exposed
to glare thermal discomfort in the south facade due to high
transmittance reached 25%, 28%, and 33% in Riyadh,
London, and Algiers, respectively, and 24% in Kuala Lumpur
east-orientation. It can be seen that UDI <100 in the first
group configuration ranges from 100% for STPV10% to
66%, 62%, 55%, and 54% for STPV30% in in Riyadh,
London, Kuala Lumpur, and Algiers, respectively. Conse-
quently, these results indicated that the performance of
daylighting is unsuitable for the integration in open-office
buildings in all climates. The integration of ILS in the second
and third groups revealed a significant proportion of the
working hours of desirable levels of illumination (i.e.,
appearing in the UDI100-2000 lux threshold), while the
UDI >2000 lux was barely neglectable.

3.3. Visual Glare Evaluation. Glare is one of the most
disturbing side effects of lighting. High luminance or ex-
treme luminance differences associated with the visual field
cause this effect. Computation of glare indices is done based
on equations that can correlate luminance values or lu-
minance distributions relating to the field of view of the
observer, with the human glare sensation. Therefore, the
DGP metric was employed to evaluate the annual daylight
glare of reference models compared to the optimum STPV
combined with ILS configurations based on their net en-
ergy and climate-based daylight metrics performance in
various orientations and climates as shown in the figures
included in Table 17.

The temporal maps of the occupied hours of the ref-
erence model illustrated that the simulated office in tropical
climates (low latitudes) has imperceptible glare through the
year. This is because the solar altitude, which is higher at
midday, caused a remarkable drop in cardinal orientation,
especially when adopting ILS. In contrary, the remaining
tested climates (medium and high latitudes) show intoler-
able glare in the east-west axis, which can be explained due to
the solar altitude in the winter season being lower, which
causes a direct penetration to the office. The integration of
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TaBLE 9: DA300 lux distribution of fully glazed open office in cardinal orientations (Riyadh).

% Occupied

hours

I 0
17
33

50
67

I 83
100

Reference model

% Occupied
hours

I 0

17
33
50
67

‘ I 83

G o0

STPV 30%

South =98.5% East=93.5% North=93.6% West=97.9% South =12.9% East=11.6% North=0%  West=18.3%
Reference model STPV 30%
South =98.5% East=93.5% North =93.6% West=97.9% South=12.9% East=11.6% North=0% West=18.3%
% Occupied % Occupied
hours hours
I 0 I 0
17 17
3 ¥ 33 8
(=) [=}
N —
50 > 50 >
A 4
67 5 67 &5
I 83 I 83
100 100
South = 4% East = 3% North = 0% West = 3% South = 0% East = 0% North = 0% West = 0%
STPV 20% STPV 10%
South =4% East=3% North =0% West=3% South =0% East=0% North=0% West =0%
% Occupied % Occupied
hours hours
I I
17 . 17 o
= L
33 @ 33 ©
X X
50 = 50 2
> >
.. 8 67 & 67 &
w w
. il 83 I 83
- 100 100
South = 54% East = 34% North = 5% West = 45% South =21% East =16% North = 0% West = 23%
STPV 10% 50% STPV 10% 75%
South =54% East=34% North=5% West =45% South =21% East=16% North =0% West =23%
% Occupied % Occupied
hours hours
I 0 l 0
17 17
N X
33 R 33 R
X X
50 ] 50 §
= > >
67
. 67 é é
TRt 83 I 83
100 100
South = 55% East = 35% North = 6% West = 46% South = 26% East =18% North = 0% West =27%
STPV 20% 50% STPV 20% 75%
South =55% East=35% North =6% West=46% South =26% East=18% North =0% West=27%




12 Advances in Civil Engineering

TaBLE 9: Continued.
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TaBLE 10: DA300 lux distribution of fully glazed open office in cardinal orientations (London).
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TaBLE 10: Continued.
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TasLE 11: DA300 lux distribution of fully glazed open office in cardinal orientations (Kuala Lumpur).
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TaBLE 11: Continued.
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TaBLE 12: DA300 lux distribution of fully glazed open office in cardinal orientations (Algiers).
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TaBLE 12: Continued.
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TaBLE 13: UDI thresholds in cardinal orientations under clear sky condition (Riyadh city).

Orientation (Riyadh) South  East North  West South  East North  West South  East North  West

Configuration (STPV) UDI <100 UDI 100-2000 UDI >2000

R. model 0 0 0 0 75 82 929 73 25 18 1 27
STPV 10% 100 100 100 100 0 0 0 0 0 0 0 0
STPV 20% 88 89 100 82 12 11 0 18 0 0 0 0
STPV 30% 66 76 96 66 34 24 4 34 0 0 0 0
STPV 10% 75% 32 59 81 47 68 41 19 53 0 0 0 0
STPV 20% 75% 40 62 91 52 60 38 9 48 0 0 0 0
STPV 30% 75% 16 47 59 30 84 53 41 70 0 0 0 0
STPV 10% 50% 6 15 20 9 92 83 80 86 2 2 0 5
STPV 20% 50% 3 12 15 6 95 85 85 89 2 3 0 5
STPV 30% 50% 1 7 8 2 96 89 92 91 3 3 0 6

TaBLE 14: UDI thresholds in cardinal orientations under overcast sky condition (London city).

Orientation (London) South  East North  West South  East North  West  South  East North  West

Configuration (STPV) UDI <100 UDI 100-2000 UDI >2000

R. model 2 3 3 2 69 82 96 83 28 15 0 15
STPV 10% 100 100 100 100 0 0 0 0 0 0 0 0
STPV 20% 86 92 100 92 14 8 0 8 0 0 0 0
STPV 30% 62 78 97 78 38 22 3 22 0 0 0 0
STPV 10% 75% 37 65 95 64 62 35 5 35 1 0 0 0
STPV 20% 75% 31 59 89 57 69 41 11 42 0 0 0 0
STPV 30% 75% 25 49 73 48 74 51 27 52 1 0 0 0
STPV 10% 50% 12 21 32 21 84 76 68 77 4 3 0 3
STPV 20% 50% 11 19 27 18 85 79 73 80 4 3 0 2
STPV 30% 50% 9 14 20 14 86 83 80 83 5 3 0 0

TasLE 15: UDI thresholds in cardinal orientations under intermediate sky condition (Kuala Lumpur city).

Orientation (Kuala Lumpur)  South  East North West South East North West South East North  West

Configuration (STPV) UDI <100 UDI 100-2000 UDI >2000

R. model 0 0 0 0 85 76 88 82 15 24 12 18
STPV 10% 100 100 100 100 0 0 0 0 0 0 0 0
STPV 20% 100 93 100 96 0 7 0 4 0 0 0 0
STPV 30% 71 55 75 70 29 45 25 30 0 0 0 0
STPV 10% 75% 32 25 34 39 68 74 66 61 0 1 0 0
STPV 20% 75% 16 14 19 27 84 85 81 73 0 1 0 0
STPV 30% 75% 8 3 8 15 92 97 92 85 0 0 0 0
STPV 10% 50% 3 2 3 6 97 97 97 94 0 1 0 0
STPV 20% 50% 2 0 2 4 98 99 98 96 0 1 0 0
STPV 30% 50% 1 0 1 2 99 99 99 98 0 1 0 0

TasLE 16: UDI thresholds in cardinal orientations under CEI clear sky condition (Algiers city).

Orientation (Algiers) South  East North  West South  East North  West South  East North  West

Configuration (STPV) UDI <100 UDI 100-2000 UDI >2000

R. model 1 1 1 1 66 78 99 82 33 11 0 17
STPV 10% 100 100 100 100 0 0 0 0 0 0 0 0
STPV 20% 85 89 100 92 15 10 0 8 0 1 0 0
STPV 30% 54 69 97 75 46 30 3 25 0 1 0 0
STPV 10% 75% 24 53 94 58 76 47 6 42 0 0 0 0
STPV 20% 75% 15 46 84 50 85 53 16 50 0 1 0 0
STPV 30% 75% 7 30 50 30 93 69 50 70 0 1 0 0
STPV 10% 50% 4 11 13 13 93 87 86 86 3 2 0 1
STPV 20% 50% 3 9 14 10 93 89 86 89 4 2 0 1
STPV 30% 50% 3 5 8 5 93 93 92 93 4 2 0 1
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TaBLE 18: The maximum and optimum energy saving percentages of STPV combined with ILS configurations in different climates regions.

Riyadh city

London city

Kuala Lumpur city

Algiers city

Configurations

South East North West South East North West South East North West South East North West
STPV 10% 0.53 0.69 015 0,52 -014 067 -024 050 030 053 022 050 062 0.74 012 0.69
STPV 20% 049 0.64 0.13 045 -0.15 064 -0.25 0.41 0.27 0.49 0.20 044 056 0.72 0.08 0.60
STPV 30% 046 0.63 0.11 040 -0.10 0.72 -0.23 0.35 0.24 045 0.18 036 052 0.59 0.06 0.53
STPV 10% 75% 0.85 0.69 0.72 023 093 083 0.74 054 0.72 046 0.67 040 0.87 076 0.64 0.64
STPV 20% 75% 0.83 0.63 0.72 020 0.89 0.77 0.76 0.51 0.70 0.43 0.66 037 083 071 064 0.59
STPV 30% 75% 0.78 0.55 0.70 0.18 083 0.68 0.75 044 0.67 036 0.63 0.32 075 0.52 0.63 0.52
STPV 10% 50% 0.76 0.49 068 035 0.83 0.62 0.76 041 0.65 0.30 0.61 0.26 0.70 0.53 0.58 0.46
STPV 20% 50% 0.74 0.44 0.68 0.31 0.80 0.57 0.76 039 0.64 028 0.61 0.25 0.66 049 0.59 0.43
STPV 30% 50% 0.71 038 0.68 0.27 077 050 0.79 037 0.62 024 0.60 0.22 0.61 038 0.60 0.39

Optimum performance of STPV configurations (maximum energy saving + visual comfort)
Maximum energy saving of STPV configurations

R a—
== DG low-E (80% VLT)

DG STPV 10%
DG STPV 20%
DG STPV 30%

|

FIGURE 3: Optimum STPV and ILS configurations.

optimum configuration eliminates intolerable glare from an
imperceptible glare state in the summer season in cardinal
orientation due to the usage of ILS that reflects the direct
sunlight to the center and back area of the office. Fur-
thermore, it provides a significant improvement of reducing
glare states, in particular in southern orientations.

3.4. Energy Saving Evaluation. The largest potential of
maximum and optimum percentage savings that can be
attained by integrating nine STPV glazing combined with and
without ILS compared of employing the reference model (see
the base model) in cardinal alignments within four different
cities can be seen in Table 18. The table showcases inconsistent
savings in an approximate range of 6% to 93%, and, in some
cases, the result was negative (no-savings) compared to the
base model. A significant percentage of savings was achieved
in the southern orientation by using STPV10 75%, whose
maximum energy savings were estimated to be 85%, 93%,
72%, and 87%, due to receiving the maximum solar energy,
high conversion efliciency compared with other STPV
modules and the important role of ILS that reduce the control
the distribution of light in deep office which offers reduction
in lighting and cooling energy. Nevertheless, the lowest saving
achieved in the northern orientation by using the first group
(fully STPV) had a negative percentage in London city. The

LJ Internal light shelve (ILS) 1.5m \

integration of STPV10% in east-west axis shows the highest
saving percentages because of the low performance of ILS in
these orientations. The optimum performance of both axes
obtained with the third group (STPV10 75%) is explained by
the failure to fulfil the visual comfort conditions in particular
the first group.

4. Conclusions

A comprehensive investigation was carried out in this study
to evaluate the net energy and visual comfort of STPV
configurations combined with and without ILS compared to
a reference model of an open-office building in different
climate regions. The key findings of this study are as follows:

(i) In hot regions, the integration of DG-STPV (first
group) instead of DG-clear glazing can effectively
reduce cooling energy consumption. Conversely, it
increases the heating energy in a temperate climate
region (London) mainly due to the thermal prop-
erties of DG-STPV, especially in south-north axis.

(ii) The first and second group configurations did not
provide sufficient daylight to the office. But the third
group configurations meet the visual comfort re-
quirements (DA300 lux, UDI100 lux-2000 lux) and
eliminate a significant portion of glare in all climates
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because of the adoption of ILS that reflects and
balances the quantity of illuminance in the centre
and back daylit areas.

(iii) The maximum performance in terms of overall
energy is achieved by means of the second group in
the south-north axis, with the first group in the east-
west axis including all transparencies. As depicted in
Table 17, the optimum performance of both axes
obtained with the third group is explained by the
failure to fulfil the conditions for visual comfort for
the first group, as presented in Figure 3. The energy
produced by a-Si modules with 50% of the total
glazing area can compensate the lighting energy
consumption. Thus, a significant percentage of
saving was achieved by the south-north axis: 76% to
68%, 83% to 79%, 65% to 61%, and 70% to 60%. This
is higher than the east-west axis: 49% to 35%, 62% to
54%, 30% to 26%, and 53% to 46% in Riyadh,
London, Kuala Lumpur, and Algiers, respectively.

Opverall, these outcomes give a vision of the correlation
between the net energy visual comforts related to the spatial
distribution of STPVs and clear glazing configurations
combined with ILS in various climates. Also its adoption
offers a range of benefits for the carbon footprint within
buildings and develops design strategies that seek to balance
implemention of STPV window and ILS with the im-
provements in energy efficiency and luminous environment
aspects. Further studies need to evaluate the impact of in-
ternal dynamic shading devices and any STPV technology in
terms of thermooptical properties and high conversion ef-
ficiency with various sizing. Eventually, the potential of
applying STPVs combined with ILS has a substantial in-
fluence to provide better visual comfort and save energy in
open-office buildings.
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