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ABSTRACT

Indoor environmental quality (IEQ) influences a building’s livability. Because most people spend ~65% of their time
at home, methods and design strategies to achieve high-quality indoor environments are worth investigating. This
study investigates the performance of the indoor environmental quality through implementing various low-cost natural
ventilation strategies on a typical apartment in the multistory residential buildings in Amman, Jordan. A simulation
software was used to conduct a detailed data analysis based on the ventilation rate, indoor operative temperature,
relative humidity, and CO2 concentration in the base case apartment unit and propose design strategies. The
simulation results were compared with the results obtained in the base case, analyzed, and discussed to determine the
most efficient ventilation strategy. The proposed strategies improved the indoor air quality most of the time when
compared to the base case, and maintain it within relevant international standards. The results provide a foundation to
improve the IEQ in newly developed residential apartments by providing architectural design guidelines for achieving
an effective natural ventilation system.
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1. Introduction

Generally, several passive and active design strategies are utilized to achieve an acceptable indoor
environmental quality (IEQ) inside buildings. However, the increased energy consumption of the buildings
that rely on non-renewable resources and their related negative impacts on environment and human health
have increased the difficulty associated with the enhancement of the IEQ by utilizing passive techniques. IEQ
and energy consumption are two interdependent parameters that should be considered during the preliminary
stages of the building design. The largest amount of energy is consumed by the residential sector for satisfying
the various needs of the residents to achieve a desirable indoor condition and an acceptable level of IEQ inside
their homes. Recently, a wide range of passive techniques, such as natural ventilation, solar shading, building
insulation, materials selection, water features, and atrium space have been widely applied in residential
buildings to provide improved levels of indoor air quality (IAQ) and thermal comfort (TC) while reducing
energy consumption and the negative environmental impact Natural ventilation is a widely used technique
and controls many environmental parameters, including the ventilation rates (VRS), air temperature, air
velocity, and air humidity, to control the indoor environment Architectural design strategies can be used to
influence natural ventilation when they are properly applied and understood To ensure effectiveness in terms
of cost, natural ventilation should be initiated and integrated as a design strategy during the early stages of the
design process with respect to various factors, such as the orientation of the building, the location of the space
within the building, the characteristics of windows, the use of shading devices, and interior layout and
organizat[1-3]
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The researchers considered the prevailing wind direction and studied the effect of the variation of the
window area on the natural cross-ventilation performance; he observed that increasing the WWR of the space
could increase the natural ventilation potential. compared the influence of various window types on the natural
ventilation potential; the results denoted that the side hung windows exhibited the best performance owing to
their large operable area, resulting in maximum VR and reduced indoor air temperature with respect to the
outdoor conditions. researchers observed that the natural ventilation performance can be improved by adding
supplementary interior openings to the interior walls, minimizing the resistance of airflow, increasing the
latter’s effectiveness, and reducing the maximum indoor air temperature. evaluated the impact of different
building conditions on the indoor building ventilation; they observed that the layout design of the interior
spaces should support air movement to obtain good indoor natural ventilation performance. Therefore, this
study suggests that the implementation of some passive design strategies with respect to multistory residential
buildings can enhance their natural ventilation performance[4-6]. The objective of this research is to focus on
the early design-stage decisions that may enhance natural ventilation and the IAQ performance in multistory
residential buildings. Further, zero and low-cost natural ventilation design guidelines are suggested and
evaluated from the viewpoint of providing improved VR levels, indoor operative temperature, relative
humidity, and CO, concentration. The results obtained in this study will provide architects and designers with
recommendations and architectural design guidelines to assist them during the preliminary design stages,
improving their design decisions to enhance the [EQ while satisfying the client’s requirements of affordability
(no or minimal added cost)[7-9].

2. Research methodology

Herein, the simulation software, Integrated Environmental Solution—Virtual Environment (IES-VE), was
used to investigate the suggested zero and low-cost ventilation strategies with respect to the natural ventilation
performance in low income residential apartment buildings by evaluating the VR, CO, concentration, indoor
operative temperature, RH, and energy consumption in the existing situation and after the implementation of
the proposed ventilation strategies. IES-VE is a user-friendly and well-established simulation tool that can be
used to analyze the performances of different building systems and allows their optimization with respect to
comfort and energy [10-13].The indoor air temperatures of the BC model were validated using site
measurements to validate the simulation results. The indoor air temperatures for R1 and R2 were recorded for
two typical weeks during June and September while the apartment was occupied. Because the sizes of the
thermal zones R1 and R2 were not considerably large, only one data logger was installed in each zone. Extech
SD800 datalogger was used with an accuracy of 0.8°C. The dataloggers were mounted 1.2 m above the floor
in the middle of each zone, and the temperature was recorded at 15-min intervals. The results obtained from
the simulation program were in a good agreement, within 4%- 6% variance, with the measured results[14-16].

Further, the data related to the family size, air exchange, internal gains, and other specifications used to
run the simulation are presented in Table 1 in accordance with the typical life pattern of the Jordanian
families. The building’s construction materials in all the scenarios represent the most prevalent materials in
the construction field, as presented in Table 2.

Table 1. Input data and model settings

Input data Value
Family size 6 members
Metabolic rate 0.8 met
Summer clothing 0.5clo
Infiltration rate 0.2ach™
Occupants 80 W/P
Lighting 5 W/m?
Appliances ow

Table 2. B.C. construction specifications
Material Thickness

Element U value (W/m?*-K)
(cm)
Exterior walls Stone 5
Concrete 18
Insulation 3 0.79
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Element Material Thickness U value (W/m?*-K)
(cm)
Block 10
Plaster 2
Internal partitions Plaster 2
Block 10 1.90
Plaster 2
Internal ceiling/floor Ceiling tiles 3
Mortar 3
Sand 7
Water insulation 0.5 1.20
Reinforced 25
concrete
Plaster 2
Roof Pebbles/gravel 10
Inclined concrete 5
Water insulation 0.5
Reinforced 20 1.80
concrete
Plaster 2
Aluminum frame
Windows and single 0.6 5.70
glazing

In all the cases, the entirely naturally ventilated mode was applied to the residential unit. The occupancy
and ventilation time for R1 and R2 are presented in Table 3.

Table 3. Time of occupancy and ventilation
Occupancy time

R1 9am-10 pm
R2 10pm- 9am
3pm- 5pm

Ventilation time
As long as outside conditions allows (within comfort range)

2.1. Description of the BC

Multistory residential apartment buildings constitute the most common housing type in the public domain
in Amman. BC was selected based on a detailed study of the common characteristics of the multistory
apartment buildings with respect to the floor layout, area, building form, orientation, construction materials,
and characteristics of the architectural elements, including window sizes and areas[17-19].

The building has four floors and rises to approximately 12 m above the ground level. Each floor has two
apartments that exhibit the same floor layout and area. The selected residential unit is located on the first floor
and has a total floor area of 163 m? with a ceiling height of 2.70 m. It has three exterior facades that are
exposed to the outdoors. Figure 1 shows the floor plan of the case study apartment. Two spaces were selected
in this study.

Space 1 (R1) represents the living zone with a total floor area of 23.8 m?, two exterior walls, and one opening
oriented to the west. Space 2 (R2) represents the sleeping zone with a total floor area of 14 m? and one
exterior wall oriented toward the south. The characteristics of R1 and R2 are summarized in Figure 2. The
investigation of the effect of the various strategies on the natural ventilation inside the two spaces was based
on the evaluation of the IAQ conditions (with respect to the VR, CO, concentration, indoor operative
temperature, and RH) and energy consumption. The ventilation strategies were classified into two main
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categories (see Figure 3), i.e., zero-cost ventilation strategies, which involved investigation of the effect of the
building orientation and desiging a new floor plan layout, and low-cost ventilation strategies, which involved
investigation of the effect of the window type, WWR, adding shading device, and wind channel system[20-
22].
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Figure 1. Floor plan of the B.C. apartment that denotes the spaces under investigation

Orientation Window Type Shading Device
Case 1: North Case 5- Side b Case 7: Horizontal
Case 2: East window and_vemcal shading
Case 3: West devices
Case 4: alternative WWR Wind channel
floor-plan layout
design
Case 6: WWR Case 8&: two
increased by 5% horizontal channels
Zero-cost ventilation strategies Low-cost ventilation strategies

Figure 2. B.C. characteristics

2.2. Proposed ventilation strategies

The proposed ventilation strategies were applied to different architectural elements within the residential
unit, and they were considered to be influential strategies in the field of natural ventilation because they
impact the effectiveness of natural ventilation in buildings and are within the scope of this study. Eight main
strategies were chosen and categorized according to their cost (zero cost and low cost). Each case investigates
the impact of the implementation of one strategy while maintaining the remaining tested parameters fixed; this
is conducted to evaluate the impact of each ventilation strategy on the natural ventilation performance inside
the investigated spaces.

2.2.1. Zero cost ventilation strategies
e Case 1: The building orientation. The long axis is east-west, and the longest facade is oriented toward the

north.

e (Case 2: The building orientation. The long axis is north—south, and the longest facade is oriented toward
the east.

e (Case 3: The building orientation. The long axis is north—south, and the longest facade is oriented toward
the west.
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Case 4: An alternative floor-plan layout design. An alternative floor-plan layout was designed to
investigate the manner in which the natural ventilation performance would be affected (Figure 5). The
typical distribution of the two apartments located within the same floor in the BC was altered by
separating two units with a void. The addition of a void created an additional wind path, enhancing the
pressure difference between the two sides of the building and increasing the natural ventilation
performance. Furthermore, the arrangement of the rooms and the addition of supplementary interior
openings that measured 1.0 m x 0.4 m were implemented above some doors to allow free circulation of
the airflow and minimize airflow resistance (Figure 6). The characteristics of R1 and R2 were changed to
those presented in Table 4.
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Figure 3. Zero-cost ventilation strategies/ building orientation
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Figure 4. The alternative floor-plan layout investigated in Case
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Case No.4

Figure 5. Arrangements of the two apartments in Case 4 (top) and the B.C. (bottom) along with their wind
paths
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Table 4. Characteristics of R1 and R2 in B.C. and Case 8
Exterior

Area Orientation walls Openings Interior openings
R1
BC 23.8 m? swW 2 1 -
Case 10 20.5 m? sw 2 2 1
R2
BC 14 m? S 1 1 -
Case 10 22.6 m? NW 2 2 1

2.2.2. Low cost ventilation strategies

e Case 5: The window type. The window type changed from sliding to side hung. The operable area of the
window was increased from 50% in case of sliding windows (BC) to 90% in side hung windows,
whereas the thermal and lighting properties remained the same as those in BC.

e Case 6: The WWR. WWR was increased by 5%, i.e., 16% and 22% in R1 and R2, respectively.

e  Case 7: Addition of the shading devices. A 0.60-m deep horizontal plastered concrete shading device was
added to the south-facing window (R2), whereas vertical sunshade was added to the west-facing window
(R1) while retaining the WWRs in Case 7.

e  Case 8: Addition of a wind channel system. The system applied two horizontal channels, with two facade

e openings on opposite sides of the building located in the ceiling and under the floor to connect the
leeward

e rooms with the high-pressure windward facade and the windward rooms with the low-pressure leeward

r ! 1
0.6x0.6m Floor J 0.6x0.6m Floor J L— 0.6x0.6m Ceiling —'  0.6x0.6m Ceiling — 0.6x0.6m Ceiling
controllable grill controllable grill controllable grill controllable grill controllable grill

: . —— Structural ceiling slab
5m length inward —

facade opening

0.4m Height ceiling void
connects leeward rooms
with high pressure facade

Stud partition

0.6x0.6m Ceiling

0.6x0.6m Floor controllable grill

controllable grill

4m Length leeward

0.4m Height floor 4
facade opening

void connects

windward rooms /

with low pressure Section A ."‘
[acade /

Figure 7. Low cost ventilation strategies (window type, WWR, and shading device)

2051



PEN Vol. 8, No. 4, October 2020, pp.2045- 13

facade through a suitable and controllable ceiling/floor grill, allowing the cross-ventilation of the spaces.
The wind channel characteristics proposed by Gomaal®! were used herein. 0.40-m high ceiling and floor
channels were used, which are considered to be suitable for providing sufficient airflow at a feasible cost.
A 0.60 m x 0.60 m diffuser was used with 5- and 4-m-long windward and leeward facade openings,
respectively, as shown in Figure 8.

:&d: Dimension (m) I
Plan R 230X 125 |
R2 230X1.25 |
Section
1" WWR (%) :
/~ RI 16 o
Ll R 2
Hinge
Elevation o
k)
Case No.5 Case No.6 Case No.7
Side hung window WWR Horizontal Vertical

Figure 8. Floor plan (top) and section (bottom) of the apartment unit with a wind channel system

3. Results and discussion

In this section, the impact of various zero and low-cost ventilation strategies on the natural ventilation
performance in R1 and R2 during two weeks in June and September is presented. The IAQ parameters (VR,
CO, concentration, indoor operative temperature, and RH) and energy consumption of the B.C and various
cases were evaluated and analyzed. The evaluation is performed based on the ASHRAE standards, which
define the acceptable ranges of environmental parameters that can be used to obtain acceptable IAQ and
thermal conditions. According to the ASHRAE standard 62.2-2019, which defines the acceptable 1AQ in
residential buildings. The standard does not specify a recommended limit regarding VR and CO2
concentration inside an occupied space. However, it defines the minimum limit of RH (should not become
lower than 30%). Regarding the indoor operative temperature, the acceptable comfort range as specified by
ASHRAE standard 55-2017 should not exceed 23.3°C-28.1°C in June and 23.9°C-28.3°C in September[24-
26].

3.1 V.R and CO, Concentration

Referring to previously mentioned figures, it can be concluded that cases with higher VRs delivered
lower CO, concentration; through allowing larger amount of fresh air to flow into the spaces, thus decreasing
the concentration of CO, during the typical weeks. Consequently, Case 5 and Case 4 delivered the largest
decrease in CO, when compared with other cases. In R1, the CO, in Case 5 decreased by approximately 322
and 318 ppm in June and September, respectively, whereas in R2, CO, decreased by approximately 258 and
226 ppm in June and September. The results are comparable to that obtained by Wargocki [27] who
concluded that reduced CO, concentration is largely related to the provision of high VRs, and with Spentzou
[28] who studied the impact of different ventilation strategies on the indoor air properties in multi-story
apartment buildings. He found that strategies with high VRs resulted in a lower concentration of CO, .
Furthermore, in case of R1, Case 4 decreased the CO, by approximately 238 and 237 ppm in June and
September, respectively, whereas, in case of R2, the average CO, concentration was decreased by 86 and 64
ppm in June and September, respectively
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Figure 9. Daily average V.R. and CO, concentration for the B.C. and zero cost ventilation strategies
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Figure 10. Daily average V.R. and CO, concentration for the B.C. and) low cost ventilation strategies in R1
(Space 1) during a typical week in June
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Figure 11. Daily average V.R. and CO, concentration for the B.C. and zero cost ventilation strategies
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Figure 12. Daily average V.R. and CO, concentration for the B.C. and low cost ventilation strategies in R1
(Space 1) during a typical week in September
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Figure 13. Daily average V.R. and CO, concentration for the B.C. and zero cost ventilation strategies
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Figure 14. Daily average V.R. and CO, concentration for the B.C. and low cost ventilation strategies in R2
(Space 2) during a typical week in June.
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Figure 15. Daily average V.R. and CO, concentration for the B.C. and zero cost ventilation strategies

25

800

—_— 775

20 — S— 750

o
Q 725
3

% 15 700 2
c 675 S
2 =
= 650 Q
g 10 ©

> 625

600

5 575

550

0 525

18 19 20 21 22 23 24
Date: 18/Sep to 24/Sep
B.C mmmmm Case5 mmmmmm Case6 Case7 mmmmmm Case8

Figure 16. Daily average V.R. and CO, concentration for the B.C. and low cost ventilation strategies in R2
(Space 2) during a typical week in September
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The hours of occupancy, ventilation times, and CO, concentration for a randomly chosen typical day
during June in R1 and R2 are shown in Figures 13 and 14. In R1 the space was ventilated during the daytime
only when it was occupied by the users and when outdoor climatic condition was within comfort range [29].
While R2 was mainly used and ventilated at night. It can be concluded from the figures that the concentration
of CO, in a space is relative to its occupancy rate and ventilation times. Higher levels of CO, were recorded in
the spaces when it was used by high number of occupants with low VRs, in contrast, ideal conditions were
obtained when there was high VRs with an average number of occupants.
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typical day in June for all the case studies
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Among low-cost ventilation strategies, Cases 5 and 7 have delivered a decrease in the indoor operative
temperature. The average indoor operative temperature reduced by 3.5°C and 3.9°C in June and by 1.5°C and
3.4°C, respectively, in September, in Cases 5 and 7. However, the minimum value reduced by 3.3°C and
3.6°C in June and by 1.1°C and 2.9°C in September, respectively. Furthermore, the maximum value reduced
by 4.2°C and 4.6°C in June and 2°C and 4.1°C in September in Cases 5 and 7, respectively. The decrease in
the average operative temperature in Case 5 can be attributed to the increased V.R., which reduced the indoor
temperature when the outside air was cooler than the inside air. Further, the addition of the shading devices in
Case 7 prevented direct solar radiation from penetrating the space, reducing the indoor operative temperature.
Similar results were obtained by Bakhlah et al. [30] and Liping and Hien [31], who studied the impact of the
shading devices on the indoor T.C. and concluded that shading devices play a significant role in reducing the
indoor air temperature. On the other hand, increasing the WWR in Case 6 delivered a slight increase in the
indoor operative temperature compared to the B.C, exceeding ASHRAE comfort range. During June, the
average value increased by 1°C, whereas the average minimum and maximum values increased by 0.2°C and
0.6°C, respectively, in comparison with B.C. In September, the average, average minimum, and average
maximum values of the indoor operative temperature increased by 0.5°C, 0.2°C, and 0.2°C, respectively. The
obtained results are in agreement with those obtained by Mou [32] who found that increasing the window size
can significantly increase the indoor temperture gained by radiant heat during the day which comes through
large window openings.
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Figure 19. Daily operative temperatures in R1 during a typical week in June for zero cost ventilation strategies
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Figure 20. Daily operative temperatures in R1 during a typical week in June for low cost ventilation strategies
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Figure 21. Daily operative temperatures in R1 during a typical week in September for zero cost ventilation
strategies
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Figure 22. Daily operative temperatures in R1 during a typical week in September for zero cost ventilation
strategies

Table 6. Daily operative temperature for the B.C. and zero and low-cost ventilation strategies in R2 during a
typical week in June and September

June Zero cost ventilation strategies Low cost ventilation strategies
Temperature (°C) B.C Case Case Case Case Case  Case Case Case
1 2 3 4 5 6 7 8
Average 285 251 259 26 24.1 25.7 28.8 25.1 24.7
Average min. 276 245 249 25.1 23.1 25.3 28.2 24.5 241
Average max. 29.6 256 27.1 27.5 25 26.3 29.3 25.6 25.3
September Zero cost ventilation strategies Low cost ventilation strategies
Temperature (°C) B.C Case Case Case Case Case Case Case Case
1 2 3 4 5 6 7 8
Average 29.3 25.6 277 279 25 28.1 30.1 26 25.1
Average min. 28.5 25 26.8 27.1 23.7 271 29.4 253 239
Average max. 30.5 26.1 28.9 29.3 26.2 29.4 31.6 26.6 26.5
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Among zero-cost ventilation strategies, the results showed that orienting the R2 window toward the north
in Case 1 delivered the optimal results. During June, the average value decreased by 3.4°C, whereas the
average minimum and maximum values decreased by 3.1°C and 4°C, respectively, in comparison with B.C. In
September, the average, average minimum, and average maximum values of the indoor operative temperature
decreased by 3.7°C, 3.5°C, and 4.4°C, respectively.
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Figure 23. Daily operative temperatures in R2 during a typical week in June for zero cost ventilation strategies
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Figure 24. Daily operative temperatures in R2 during a typical week in June for low cost ventilation strategies
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Figure 26. Daily operative temperatures in R2 during a typical week in September for low cost
ventilation strategies

Tables 7 and 8 presented the number of comfort hours (which fall within ASHRAE comfort range) in R1
and R2 during the two typical weeks in June and September for all the investigated zero and low-cost
ventilation strategies. It can be concluded that during the typical week in June, all ventilation strategies
(except Case 6) have increased the number of comfort hours in the two spaces, raising it to 24 hours in most
times compared to the B.C. In September, Cases 3, 4, 7, and 8 delivered 24 hours of comfort in R1. While in
R2 higher values of comfort hours were obtained in Cases 1, 4, 7, and 8.

Table 7. Number of comfort hours in R1 during the two typical weeks in June and September for all cases

18/June to 24/June
Day B.C Casel Case2 Case3 Case4 Case5 Caseb6 Case7 Case
8
18 16 24 24 24 24 24 13 24 24
19 14 24 24 24 24 24 12 24 24
20 13 24 24 24 24 24 9 24 24
21 12 24 24 24 24 24 8 24 24
22 9 24 24 24 24 24 7 24 24
23 11 24 24 24 24 24 6 24 24
24 14 24 24 24 24 24 9 24 24
18/Sep to 24/Sep
Day B.C Casel Case2 Case3 Cased4d Case5 Case6 Case7 Case
18 0 16 19 24 24 24 0 24 284
19 0 4 9 24 24 14 0 24 24
20 0 15 19 24 24 24 0 24 24
21 2 5 9 24 24 15 0 24 24
22 5 15 19 24 24 24 0 24 24
23 8 10 11 24 24 15 1 24 24
24 8 15 19 24 24 24 3 24 24
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Table 8. Number of comfort hours in R2 during the two typical weeks in June and September for all cases

18/June to 24/June
Day B.C Casel Case2 Case3 Case4 Case5 Case6 Case7 Case8

18 15 24 24 24 24 24 6 24 24
19 12 24 24 24 24 24 6 24 24
20 9 24 24 24 24 24 0 24 24
21 8 24 24 24 24 24 0 24 24
22 7 24 24 24 24 24 0 24 24
23 7 24 24 24 24 24 0 24 24
24 8 24 24 24 24 24 0 24 24
18/Sep to 24/Sep
Day B.C Casel Case2 Case3 Case4 Case5 Case6 Case7 Case8
18 0 24 17 23 24 19 0 24 24
19 0 24 13 8 24 11 0 24 24
20 0 24 17 24 24 19 0 24 24
21 0 24 17 11 24 9 0 24 24
22 0 24 17 24 24 19 0 24 24
23 3 24 18 13 24 11 1 24 24
24 3 24 17 24 24 18 3 24 24

3.3. Relative humidity (RH)
The RH levels for zero and low-cost ventilation strategies during the typical summer weeks in June and

September with respect to R1 are presented in Figures 19 and 20, respectively. The results indicate that all the
cases (except Case 6) exhibited an increase in RH during the whole period with a slight difference between
them, maintaining the values greater than what is recommended by ASHRAE standards.
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Figure 27. Relative humidity in R1 during a typical week in June for (a) zero cost ventilation strategies
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Figure 28. Relative humidity in R1 during a typical week in June for low cost ventilation strategies

70
65

60

o o
S o

Relative Humidity (%)

40

35

Date: 18/Sep to 24/Sep

EEEEE B.C Case 1 Case 2 Case 3

Case 4
Figure 29. Relative humidity in R1 during a typical week in September for zero cost ventilation strategies
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According to the figures, Cases 1,2,3,4,5,7, and 8 delivered an average increase by approximately 6.6%
in comparison with the B.C during June, while in September the average RH value was increased by
approximately 6.5%. However, Case 6 exhibited a decrease by 1.3% and 1.5% in June and September
respectively. The decrease in the average RH can be explained by the fact that the RH in a space depends on
its indoor air temperature and moisture content. In Case 6, the moisture content was decreased as a result of
having a lower dew point temperature, thus decreasing the RH in the space[33-35]

The behavior observed in various cases exhibited similar impacts on the RH in R2 during the two typical
weeks in June and September, as shown in Figures 21 and 22. All Cases (except Case 6) delivered an average
increase by approximately 8.9% and 14.8% in June and September, respectively. However, Case 6 exhibited a
decrease in the average RH by 1.1% and 1.2% in June and September, respectively.
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Figure 31. Relative humidity in R2 during a typical week in June for (a) zero cost ventilation strategies
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Figure 32. Relative humidity in R2 during a typical week in September for zero cost ventilation
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Figure 33. Relative humidity in R2 during a typical week in September for low cost ventilation strategies

4. Design recommendations

Based on the observations, this study recommends the following architectural design guidelines to
enhance the performance of the natural ventilation system in case of newly developed low-income residential
apartment buildings.

e The floor-plan layout design (within zero-cost ventilation strategies) should be carefully considered
during the early design stages because it delivers the best performance of the natural ventilation system in
the apartment unit. The arrangement of the rooms in the floor-plan layout should support the air flow path
by being as open as possible to minimize the obstacles in the air flow path using various methods, such as
by adding supplementary interior openings in the partitions and allowing the free circulation of the
airflow.

e The addition of voids that separate the apartment units within the same floor and maximization of the
outdoor exposure of the facades in multistory residential buildings will enhance the internal natural
ventilation. The added void will increase the pressure differences across the windows on both sides of the
building and encourage the air to flow into the spaces.

¢ Rooms should be designed in accordance with the cross-ventilation strategy owing to its positive impacts
on the natural ventilation performance rather than the single-sided ventilation strategy.

o Cross-ventilation can be achieved in multistory residential buildings with deep plans by designing a wind
channel system that connects inward rooms with low-pressure facades, and vice versa.

e The building should be oriented toward the south or north because these directions resulted in lower
indoor operative temperatures than those induced by the east or west orientations. Further, this minimizes
the heat gain from the high-angle summer sunrays and allows the low-angle winter sun rays to penetrate
the space.

o Windows with large operable areas, i.e., side hung windows, should be used to allow a large amount of air
to flow into the space, improving the IAQ.

e Rooms with a large WWR should be equipped with shading devices to minimize the penetration of the
space by the direct solar radiation and enhance the pressure difference across the window, admitting more
air into the space and improving the 1AQ.

e Spaces with high V.R.s could utilize ventilative cooling and reduce the indoor operative temperature,
providing an improved indoor thermal environment. To appropriately utilize the VV.R.s, the cooling rooms
should be ventilated by both daytime and nighttime ventilation. Nighttime ventilation allows the thermal
mass of the building to act as a heat sink on the following day.

o Integration of the natural ventilation requirements during the preliminary design stages is crucial to obtain
an improved natural ventilation performance and IAQ.
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5. Conclusions

Herein, the performances of selected zero and low-cost natural ventilation strategies were evaluated to

enhance the ventilation performance in low-income residential apartment buildings and provide improved
IAQ and energy consumption. The zero-cost ventilation strategies included the variation of the orientation and
suggesting an alternative floor plan (by adding a void between the units, adopting a new room arrangement,
and adding supplementary interior openings). Low-cost ventilation strategies included the variation of the
window type and WWR as well as the addition of shading devices and a wind channel system. The results
related to the values of V.R, CO2 concentration, indoor operative temperature, RH, and energy consumption
were obtained using IES-V.E. The main conclusions obtained from this study are summarized as follows.

Among the two investigated natural ventilation strategies, i.e., zero-cost and low-cost, almost all the
proposed strategies significantly increased the average V.R in comparison with the B.C. However,
changing the window type to side hung in Case 5 (Within low-cost ventilation strategies) and changing
the plan layout in Case 4 (within zero-cost ventilation strategies) exhibited the largest increase in V.R.
compared to those in other cases. In R1, the V.R. in Case 5 increased by approximately 12.1 and 16.9
L/s/p in June and September, respectively, whereas in R2, V.R. increased by approximately 12.5 and 15.5
L/s/p in June and September. Furthermore, in case of R1, Case 4 increased the V.R. by approximately
10.6 and 11.3 L/s/p in June and September, respectively, whereas, in case of R2, the average V.R. was
increased by 10.2 and 12.1 L/s/p in June and September, respectively.

Regarding the indoor operative temperature, the simulation results indicate that changing the plan layout
in Case 4 within zero-cost strategies and the addition of a wind channel system in Case 8 within low-cost
strategies have delivered the largest decrease compared to other cases. In R1 Case 4 decreased the average
indoor operative temperature by approximately 4.3°C and 5°C during June and September, respectively,
while in R2 there was a decrease by 4.4°C and 4.3°C in June and September, respectively. However, In
R1 Case 8 delivered a decrease by 4°C and 4.2°C in June and September, respectively, while in R2 the
average value was decreased by 3.8°C and 4.2°C during June and September, respectively.

Regarding the RH levels, the simulation results indicate that all cases (except Case 6) have delivered an
increase in the average value with a slight difference between them. In R1, the RH was increased by
approximately 6.6% and 6.5% in June and September, respectively, while there was a decrease by 1.3%
and 1.5% in June and September, respectively, which was obtained by Case 6. Furthermore, in R2 there
was an increase in the average value by approximately 8.9% and 14.8% in June and September,
respectively, while Case 6 delivered a decrease by 1.1% and 1.2% in June and September respectively.
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