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Abstract: Previous studies on window-windcatchers have shown their effectiveness in capturing
the prevailing wind and redirecting it into a building, increasing the actual-to-required ventilation
ratio by 9%, above what is required by the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE). However, the effect of implementing the proposed system on
energy performance, energy costs, and thermal comfort has not been studied. Therefore, here, we
investigate and test the implementation of the window-windcatcher on a typical residential building,
using a validated DesignBuilder model. Compared to the base case (no window-windcatcher), the
total annual energy consumption of the entire building (Etot,b), and consequently the cost, is reduced
by approximately 23.3% (i.e., from 18,143 kWh/year to 13,911 kWh/year) when using the window-
windcatcher. The total annual reduction in thermal discomfort hours is estimated to be 290 h, which
corresponds to an average monthly reduction of approximately 24 h.

Keywords: ASHRAE; thermal comfort; natural ventilation; building energy consumption

1. Introduction

Heating, ventilation, and air conditioning (HVAC) account for a significant share of
the global building energy use [1,2]. In 2019, building cooling only accounted for 20% of
the worldwide energy consumption [3,4]. This led to the creation and implementation
of limits and regulations to maximize energy efficiency [1] and to ensure economic and
environmental sustainability [2] in the building sector. Therefore, it became vital to im-
plement sustainable techniques that not only allow energy savings during the lifespan of
the building but also maximize the use of materials, in this way, reducing environmental
consequences during construction or destruction [3]. The first phases of a building’s design
are regarded as one of the most influential on its energy performance [4].

Typically, architects, civil engineers and designers employ solutions that decrease
energy use and regulate heat transmission [5]. According to Granadeiro, Duarte, et al. [6],
the building envelope substantially impacts its energy performance. Numerous research
studies on building envelope optimization variables for minimizing energy consumption
have been conducted [7–10]. According to Su [11], the building design parameters impact-
ing more on energy consumption are the ratio between the building envelope size and
volume, the ratio of windows to walls, and the utilization of thermal mass. Also, in [12,13]
it is shown that the opening area of the windows and their position significantly affect
overall energy use.

In a related context, HVAC systems for sustaining interior environmental comfort,
including heating, cooling, and ventilation, account for 60% of the building sector’s energy

Buildings 2023, 13, 86. https://doi.org/10.3390/buildings13010086 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13010086
https://doi.org/10.3390/buildings13010086
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-2603-9838
https://orcid.org/0000-0003-3829-9688
https://orcid.org/0000-0001-5579-8935
https://orcid.org/0000-0003-1679-4127
https://doi.org/10.3390/buildings13010086
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13010086?type=check_update&version=1


Buildings 2023, 13, 86 2 of 18

use. In addition to their substantial energy consumption, these active systems have several
adverse consequences on health and well-being [14]. Studies have revealed, for instance,
that residents of actively air-conditioned buildings might be at a higher infection risk from
SARS-CoV-1 and MERS-CoV [15]. Individuals may spend up to 90% of their time indoors
and better indoor air quality (IAQ) is essential for their health, well-being, and productiv-
ity [16]. Consequently, developing and implementing passive design solutions in the built
environment, such as passive heating, passive cooling, passive ventilation, and daylighting
is a multifaceted, multidisciplinary endeavor. Strategies for passive design minimize energy
use and greenhouse gas emissions. Therefore, slowing down or reducing the effects of
undesirable occurrences, such as global warming, has benefits for the environment and
human health, well-being, and productivity. Additionally, a passive technique provides
economic and other advantages, such as energy savings, reduced building maintenance
costs, and lower healthcare expenses [6,7].

Here, we focus on natural ventilation and its effects on thermal comfort and energy
performance of a multifamily residential building. Natural (passive) ventilation occurs
when fresh air enters a room and polluted air leaves and it is caused by air pressure
differences between the inside and outside of a building (momentum-induced airflow) or
air density variations (buoyancy effect) [7,11].

In multifamily dwellings, implementing good natural ventilation is difficult because
the conditions for achieving it, such as sufficient air inflow and outflow, may be limited or
nonexistent. This difficulty arises mainly due to the conventional spatial typology of such
residential structures, which often consists of few or no outside walls on opposing sides
of the residential unit [8]. Utilizing natural phenomena for the ventilation, heating, and
cooling of buildings has led to the development and implementation of passive systems
and approaches that vary in size, performance, needs, and settings. These systems can
be employed on their own or combined, to accomplish many passive design objectives.
Examples of passive ventilation systems are the Trombe wall, a double skin facade, a solar
chimney, solar walls, an atrium, a wind tower, a windcatcher and fenestration [7,12].

Here, we continue studying a novel window-windcatcher, a passive ventilation system
that can enhance indoor air quality and improve indoor thermal quality by passively
utilizing renewable wind energy [17–19]. Windcatchers are an effective passive design
strategy for semi-arid regions, with a long history of achieving harmony between the built
environment and surroundings [20–22]. However, there are many limitations inherent in a
windcatcher, such as its centrality, its large size, and the limitations on future expansion
of the building [22–28]. Alrebei et al. [28] proposed a novel window-windcatcher that can
overcome these limitations. Computational Fluid Dynamics (CFD) were used in [28] to
analyze the airflow for this novel window-windcatcher (Figure 1) but energy consumption,
thermal discomfort, and CO2 emissions were not analyzed; these are analysed here. The
proposed windcatcher consists of four rotatable vertical louvers (fins) that can be adjusted
according to the prevailing wind direction and connected to two horizontal planes. The
curved element spans from a point near the last fin in the group into the right internal
corner of the two planes [28]. The main purpose of the window-windcatcher is to capture
the prevailing wind and pass it on indoors to enhance natural ventilation.

As reported by Alrebei et al. [28], the proposed windcatcher overcomes the traditional
windcatcher’s centrality requirement, dividing it into smaller devices mounted on the
building’s façade as part of the window assembly. This change enables the future use
of the building’s roof and removes any other geometrical or spatial restrictions of future
expansion. In addition, due to its small size, the minimum wind speed required, compared
to a conventional windcatcher, is smaller since the distance the air will travel from outside
to inside is shorter. Another advantage of the proposed windcatcher is that, since it is
mounted on the window, the window opening ratio could be adjusted to control the
volumetric airflow entering the room.
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Figure 1. Window-windcatcher details. From the left: top-down plan, interior view, and external
view of the system.

In [28], the effectiveness of the windcatcher in capturing the prevailing wind and
redirecting it indoors was investigated, in three different cities, using CFD. The system
enhanced the ventilation rate and increased the heat loss rate (Hloss = cp.

.
m.∆T, where cp is

the air specific capacity,
.

m is the air mass flow rate, and ∆T is the temperature difference
between the internal and external domains). The actual-to-required ventilation ratio was
found to increase by 9%, which was above the requirement of the American Society of
Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE). More information
related to the ventilation and cooling performance of the window-windcatcher can be
found in [28].

However, the effect of implementing the proposed windcatcher on a real building has
not been tested in terms of energy performance and thermal comfort until now. Here, we,
thus, investigate and test the implementation of the novel windcatcher proposed in [28],
on a typical multistory residential building located in Amman, Jordan, in terms of energy
performance and thermal comfort. In the simulations, the windcatcher will be fitted on all
the windows of each apartment, and yearly predictions will be generated.

2. Materials and Methods
2.1. Case Study Description

A multistory residential building consisting of eight apartments, representing a com-
mon building type in Amman, Jordan, was selected as the base case here (BC). The selected
building represents a common multistory residential building, in terms of construction ma-
terials, floor layout, area, building form, orientation, and characteristics of the architectural
elements such as window size, area, and glazing systems. The building has four floors,
with two apartments on each floor. Each apartment’s floor area is 165 m2, with a ceiling
height of 2.70 m. Each apartment has three exposed façades to the outdoors, as shown in
Figure 2.

The simulation software DesignBuilder was used in this study to investigate the
implementation of the proposed windcatcher on a multistorey building [29–35]. The
software uses actual weather data and considers various environmental factors depending
on the hourly weather data, such as clear and overcast sky conditions, amount of solar
energy, wind speed, and direction.

DesignBuilder is a widely used energy simulation software by professionals, such
as architects and building service engineers. It has a comprehensive user interface to the
EnergyPlus dynamic thermal simulation software.

The accuracy and the validation of the software were proven by the Building Energy
Simulation TEST (BESTest) procedure developed by the International Energy Agency and
considered by the American Department of Energy and the international community to
evaluate building energy simulation programs’ capabilities [28,29].

The high accuracy of the software has also been demonstrated in experiments. We
performed annual energy and thermal comfort analysis for each apartment, in 30-min
intervals in order to ensure a good accuracy of our results.
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Figure 2. Case study-floor plan.

A three-dimensional model of the BC and the proposed windcatcher was created
using DesignBuilder. The building construction details for common Jordanian buildings
and specifications, were used in Table 1. The space use schedule and the internal heat gain
are indicated in Table 2, representing a typical life pattern. The operation schedule used in
the simulations is illustrated in Figure 3.

Table 1. This specification of the construction materials of typical residential buildings.

Element Material Thickness (cm) U Value (W/m2 K)

External walls

Stone 5

0.79
Concrete 10

Insulation 3
Concrete Block 10

Plaster 2

Internal partitions
Plaster 2

1.90Concrete Block 10
Plaster 2

Internal Floor

Ceiling Tiles 0.3

1.20

Mortar 3
Sand 7

Water insulation 0.5
Reinforced Concrete 25

Plaster 2

Roof

Gravel 3

1.30
Inclined Concrete 5
Water insulation 0.5

Reinforced Concrete 20
Plaster 2

Windows
Aluminum Frame

with a single glazing
system

0.6 5.70
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Table 2. Input data for the modelling software.

Parameter Value Type of Value

Family Size 6 members Constant
Metabolic rate 0.8 met Average

Summer clothing 0.5 clo Constant
Infiltration Rate 0.26 ach Constant

Occupants 80 W/person Constant based on operation schedule
Lighting 5 W/m2 Constant based on operation schedule

Appliances 10 W/m2 Constant based on operation schedule
Winter Clothing 1.0 clo Constant

Buildings 2022, 12, x FOR PEER REVIEW 4 of 18 
 

 
Figure 2. Case study-floor plan. 

The simulation software DesignBuilder was used in this study to investigate the 
implementation of the proposed windcatcher on a multistorey building [29–35]. The 
software uses actual weather data and considers various environmental factors 
depending on the hourly weather data, such as clear and overcast sky conditions, amount 
of solar energy, wind speed, and direction.  

DesignBuilder is a widely used energy simulation software by professionals, such as 
architects and building service engineers. It has a comprehensive user interface to the 
EnergyPlus dynamic thermal simulation software.  

The accuracy and the validation of the software were proven by the Building Energy 
Simulation TEST (BESTest) procedure developed by the International Energy Agency and 
considered by the American Department of Energy and the international community to 
evaluate building energy simulation programs’ capabilities [28,29].  

The high accuracy of the software has also been demonstrated in experiments. We 
performed annual energy and thermal comfort analysis for each apartment, in 30-min 
intervals in order to ensure a good accuracy of our results. 

A three-dimensional model of the BC and the proposed windcatcher was created 
using DesignBuilder. The building construction details for common Jordanian buildings 
and specifications, were used in Table 1. The space use schedule and the internal heat gain 
are indicated in Table 2, representing a typical life pattern. The operation schedule used 
in the simulations is illustrated in Figure 3. 

 
Figure 3. Operation schedule of the case study unit. 

  

Figure 3. Operation schedule of the case study unit.

Since the window-windcatcher is designed to increase the ventilation rate and reduce
the cooling energy consumption [28], this study reports only the cooling consumption and
does not take into consideration the effect of the window-windcatcher in reducing the
energy demand of heating because the window-windcatcher is designed to be shut down
when heating is required [28].

2.2. Model Validation

To validate the simulation results, the indoor air temperatures of the living room in
BC were recorded in two different apartments for two typical weeks in summer and winter
while the apartment was occupied. One datalogger was installed in each apartment. An
Extech SD800 datalogger was mounted 1.2 m above the floor area in the middle of the living
room. The datalogger has an accuracy of 0.8 ◦C, and the measurements were recorded in
15-min intervals. There was very good agreement between the recorded results and the
simulations, with an average error of 2–4%, during the whole period. The software has
been utilized in several studies in the field of building energy analysis (i.e., [35–43]).

3. Results
3.1. The Energy Performance of Each Unit of the Building

Figure 4 shows the monthly breakdown of the cooling energy consumption for each
unit in the building. The energy patterns follow a spikelike pattern, with a peak in July. All
the units within the building follow this pattern. The cooling energy patterns follow the
natural monthly atmospheric temperature patterns.

Comparing the east side to the west side of the building, we note that the energy
patterns are similar. We find that the energy consumption is lower for units on lower floors.
This could be explained by the insulation effect created by the upper floors, which act as an
insulation layer, reducing the heat transferred into the building. As the altitude of a unit
decreases, the unit is insulated by more floors, which decreases the cooling energy demand.
Without the window-windcatcher, the highest average monthly cooling energy consump-
tion (Ei) is found to be for the fourth floor, with an average monthly cooling energy con-
sumption of 265.25 kWh/month and 265.22 kWh/month for the east and west units, respec-
tively. This is followed by the third, second, and first floor (with an average monthly cooling
energy consumption of 226.26 kWh/month, 173.66 kWh/month, and 88.58 kWh/month, re-
spectively) for the west-side units (226.21 kWh/month, 175.86 kWh/month, 88.90 kWh/month,
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respectively) and for the east-side units. We conclude that the window-windcatcher suc-
cessfully reduces the cooling energy demand for all the units within the building.
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The west-side units on the 4th, 3rd, 2nd, and 1st floors are labeled (A,C,E) and (G), respectively. The
east-side units on the 4th, 3rd, 2nd, and 1st floors are labeled (B,D,F) and (H), respectively.

The average monthly cooling energy consumption of the west side of the building for
the fourth, third, second, and first floors has been reduced by approximately 47, 49, 48, and
61 kWh/month compared to the case with no windcatcher, respectively (this corresponds
to 17.7, 21.6%, 27.6% and 68% reduction, respectively). Similar reduction rates are found
for the east side of the building. As indicated in Figure 4, although the cooling energy
decreases as the altitude decreases, the effect of the window-windcatcher on reducing the
energy consumption becomes more significant as the altitude of the unit decreases. The
standard deviation of the monthly cooling energy consumption (σE,i)has been estimated
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for each unit to predict how much the energy consumption varies around the monthly
average rate.

Figure 4 shows the corresponding Ei + σE,i and Ei − σE,i, and each unit is labelled with
the interval by which most monthly energy consumption is limited.

For the window-windcatcher, the Ei + σE,i for the west-side units for the fourth,
third, second, and first floors is 626.21 kWh, 554.81 kWh, 430.31 kWh, and 224.16 kWh,
respectively. A similar value for Ei + σE,i is found for the east-side units (i.e., for the
fourth, third floor, second, and first floors, 629.93 kWh, 561.42 kWh, 437.50 kWh, and
226.45 kWh, respectively). Naturally, as the Ei is reduced using the window-windcatcher,
the corresponding σE,i + Ei limit is reduced accordingly (i.e., for the west-side units on the
fourth, third, second, and first floors, Ei + σE,i is 525.83 kWh, 443.88 kWh, 325.79 kWh, and
150.50 kWh, respectively. For the east-side units, the corresponding Ei + σE,i is 524.74 kWh,
444.03 kWh, 326.64 kWh, and 149.97 kWh, respectively.

Figure 5 quantifies the annual total and average energy consumption of each building
unit (Etot,i, Ei) with and without a window-windcatcher. As shown in Figure 5A, the annual
total energy of the west side of the building (Etot,i) on the fourth floor is approximately
3183 kWh/year and 2624 kWh/year without and with the window-windcatcher, respec-
tively. Thus, the annual corresponding energy reduction due to the window-windcatcher
(Er,i) for this unit is approximately 559 kWh/year, which corresponds to an approximately
18% reduction.

For the west-side units on the third, second, and first floors, the total annual cooling en-
ergies (Etot,i) have been reduced from 2715 kWh/year, 2084 kWh/year, and 1063 kWh/year
to 2126 kWh/year, 1538 kWh/year, and 690 kWh/year, respectively, using the window-
windcatcher. The corresponding energy reductions (Er,i) for the third, second, and first
floors are 589 kWh/year, 546 kWh/year, and 373 kWh/year, respectively. These energy
reductions correspond to a 21.7%, 26.2%, and 35.1% reduction in the total annual energy
consumption, respectively.

For the east-side units on the fourth, third, second, and first floors, the total an-
nual cooling energies (Etot,i) have been reduced from 3183 kWh/year, 2739 kWh/year,
2110 kWh/year, and 1067 kWh/year to 2603 kWh/year, 2118 kWh/year, 1553 kWh/year,
and 679 kWh/year, respectively, using the window-windcatcher. The corresponding en-
ergy reductions (Er,i) for the fourth, third, second, and first floors are 580, 621, 557, and
388 kWh/year, respectively. These energy reductions account for 18.2%, 22.7%, 26.4%, and
36.4% of the total annual energy consumption (east-side units on the fourth, third, second,
and first floors, respectively).

We conclude that the window-windcatcher is capable of reducing the cooling energy
consumption, by up to 36.4% (i.e., for the east-side unit on the first floor) and with a
minimal reduction of 18.0% (for the west-side unit in the fourth floor).
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3.2. The Energy Performance of the Entire Building

Once the energy performance of each unit in the building has been estimated (Section 3.1),
the overall monthly performance of the entire building is quantified in this section, through-
out the year. Figure 6A shows the monthly cooling energy consumption and the average
monthly energy consumption of the entire building, Eb and Eb, respectively.
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In addition, the standard deviation of the monthly cooling energy consumption, σEb,
has been estimated for the entire building to predict how the level of energy consumption
varies from the monthly average rate. The corresponding Eb + σEb and Eb − σEb values for
the entire building are shown in Figure 6A to label the interval in which most monthly
energy consumption is limited.

Since the monthly energy consumption patterns for all the units, (Ei, follows a spike-
like trend, the pattern of the monthly energy consumption of the entire building, Eb, is
described in a likewise trend. The energy consumption peaks in July, at approximately
5900 kWh/month and 4700 kWh/month without and with window-windcatchers, respec-
tively. The average monthly energy consumption of the entire building is approximately
1159 kWh/month and 1512 kWh/month for the base case and for the building with window-
windcatchers, respectively. With the window-windcatchers, the Eb + σEb is approximately
2887 kWh/month, which is lower than that for the base case by 800 kWh/month ( Eb + σEb
for the base case is 3688 kWh/month).

Figure 6B quantifies the monthly reduced amounts of energy using the window-
windcatcher compared to the base case (without the window-windcatcher) for the entire
building (Erb). The highest reduction is in July, at approximately 1170 kWh. This is followed
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by August, June, September, May, October, and April with an Erb of 1028 kWh/month,
845kWh/month, 734 kWh/month, 307 kWh/month, 93 kWh/month, and 45 kWh/month,
respectively.

In July, the reduction in the cooling energy using the window-windcatcher is approxi-
mately 19.9%, as seen in Figure 4C. Similarly, in August, June, September, May, October,
and April, the reduction is 20.98%, 28.6%, 21.56%, 44.28%, 43.14, and 60.46%, respectively.
The reduction of energy for the other months is negligible because cooling energy is not
necessary and is not, typically, used in these relatively cool months (January, February,
March, November, and December).

Figure 7A quantifies the annual total and average energy consumptions of the entire
building (Etot,b, Eb) of the base case and for the case with a window-windcatcher. Com-
pared to the base case, the total annual energy consumption of the entire building (Etot,b)
is reduced from 18,143 kWh/year to 13,911 kWh/year using the window-windcatcher.
Compared to the base case, the corresponding average energy consumption of the entire
building (Eb) is reduced from 1512 kWh/month to 1159 kWh/month, using the window-
windcatcher. As previously mentioned, the required cooling energy decreases as the
altitude decreases due to the insulation effect created by the upper floors, reducing the
heat transferred into the building. This effect was quantified in Figure 7B, which shows
the percentage of cooling energy consumption for each unit with respect to the entire
building (18–17%, 15%, 11–12%, and 6% for each unit in the fourth, third, second and first
floors, respectively).

Once the monthly cooling energy consumption of the entire building (Eb) was esti-
mated (Figure 6), a techno-economic evaluation was performed using the energy consump-
tion prices reported in [1] (0.1 USD/kWh). As shown in Figure 8A, for the base case, the
cooling costs of the entire building in July, August, September, June, May, and October
are USD 588, USD 490, USD 340, USD 295.5, USD 69.5, and USD 22, respectively. For the
case of the window-windcatcher, the cooling costs of the entire building in July, August,
September, June, May, and October are USD 471, USD 387, USD 267, USD 210, USD 39.,
and USD 12., respectively, Figure 8A. As shown in Figure 6B, compared to the base case,
the total annual cooling cost and the average monthly cooling costs have been reduced
using the window-windcatcher from USD 1814 to USD 1391 and from USD 151 to USD
116, respectively. This corresponds to a reduction of approximately 23.3%, compared to the
base case as seen in Figure 8C.
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3.3. Thermal Comfort

Figure 9 shows the monthly breakdown of the number of thermal discomfort hours
for the entire building for both cases of study (base case and with window-windcatcher)
using winter clothes. In general, it can be said that the window-windcatcher has managed
to reduce the number of discomfort hours throughout the entire year compared to the
base case.
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As shown in Figure 9A, using winter clothing, and for the entire building, the highest
reduction in thermal discomfort hours is estimated to be in March, with 42 h, compared to
the base case. This is followed by December, June, July, November, August, February, April,
September, May, and January, respectively. As shown in Figure 9B, with winter clothing,
the total annual reduction in thermal discomfort hours is estimated to be 290 h, and the
average monthly reduction is approximately 24 h. As shown in Figure 10B, the reduction
in thermal discomfort hours using a window-windcatcher is smaller with summer clothing
since the total annual reduction is estimated to be 192 h, and the average monthly reduction
in discomfort hours approximately 16 h.

With summer clothing, the highest reduction in the discomfort hours is found to be in
June, with 46 h of reduced discomfort hours, compared to the base case. This is followed
by September, July, May, October, August, April, and March (Figure 11).
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4. Discussion

This study examined and tested the effects of fitting window-windcatchers on a
typical, multistorey residential building in Jordan, in regards to energy efficiency and
thermal comfort. Using Designbuilder, we analysed, for each building unit the monthly
energy performance and its annual energy performance, and for the entire building, the
monthly energy performance, and the annual energy performance. The entire building’s
thermal comfort performance was also studied.

For the monthly energy consumption performance of each unit, the patterns of the
cooling energy consumption were observed to follow the natural monthly atmospheric
temperature patterns (a spikelike pattern with a peak in July). It was shown that the
energy patterns on the east and west units of the building are comparable. We also found
that as as a unit’s altitude decreases, the energy consumption also decreases. This may
be explained by the insulation effect produced by the upper floors, which serve as an
additional layer of insulation, reducing the amount of heat transferred into the building.
The window-windcatcher was successful in lowering the cooling energy requirements
for all building units. In comparison to the base case (no windcatchers), the average
cooling energy consumption of the west side of the fourth, third, second, and first floors
decreased by about 47 kWh/month, 49 kWh/month, 48 kWh/month and 61 kWh/month,
respectively. Similar reduction rates were found for the units on the east side of the
building. In general, even though the cooling energy use decreases with the unit’s altitude,
the window-windcatcher’s ability to reduce energy consumption increases as the unit’s
altitude decreases.

The window-windcatcher reduces the annual cooling energy consumption by up
to 36.4% (east-side unit, first floor) and with a minimum reduction percentage of 18.x%,
(west-side unit, fourth floor).

The largest reduction, in the entire building’s monthly energy consumption,
Erb—approximately 1170 kWh/month—was observed in July. This was followed by Au-
gust, June, September, May, October, and April, respectively, with equal to 1028 kWh,
845 kWh, 734 kWh, 307 kWh, 93 kWh, and 45 kWh, respectively.

In July, the window-windcatcher saved 19.9% of the building’s energy use (we found
this by estimating the energy use that would have been required to maintain the same
temperature). Similarly, the reduction percentage in August, June, September, May, October,
and April was 21.0%, 28.6%, 21.6%, 44.3%, 43.1%, and 60.5%, respectively. Since cooling
energy is typically, not required during these relatively cool months, the reduction of energy
for the remaining months was minimal.

For the entire building’s monthly energy consumption, in July, there was a reduction
of about 1170 kWh, compared to the base case (without the window-windcatcher). This
was followed by August, June, September, May, October, and April, respectively, with Erb
equal to 1028 kWh, 845 kWh, 734 kWh, 307 kWh,93 kWh, and 45 kWh, respectively.

In July, the reduction in the cooling energy using the window-windcatcher was ap-
proximately 19.9%. Similarly, in August, June, September, May, October, and April, the
reduction percentages were 20.98%, 28.6%, 21.56%, 44.28%, 43.14%, and 60.46%, respec-
tively. The reduction of energy for the remaining months was negligible since cooling is
not typically used in these relatively cool months (January, February, March, November,
and December).

For the base case, the monthly cooling costs of the entire building in July, August,
September, June, May, and October were USD 588, USD 490, USD 340, USD 295.5, USD
69.45, and USD 22, respectively. With the window-windcatchers, the monthly cooling costs
of the entire building in July, August, September, June, May, and October were USD 471,
USD 387, USD 267, USD 210, USD 38.71, and USD 12, respectively.

For the total annual energy consumption of the entire building (Etot,b) was reduced
from 18,143 kWh/year to 13,911 kWh/year, using the window-windcatcher. The cor-
responding average energy consumption of the entire building (Eb) was reduced from
1512 kWh/month to 1159 kWh/month using the window-windcatcher.
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Compared to the base case, the total annual cooling cost and the average monthly
cooling costs were reduced using the window-windcatcher from USD 1814 to USD 1391
and USD 151 to USD 116, respectively. This corresponds to a 23% cost reduction.

As far as thermal comfort is concerned, in general, we found that the window-
windcatcher manage to reduce the number of discomfort hours throughout the entire
year. With winter clothing, the total annual reduction in discomfort hours was estimated to
be 290 h, and the average monthly reduction in discomfort hours approximately 24 h. The
reduction in discomfort hours using a window-windcatcher is less with summer clothing
with the total annual reduction in discomfort hours estimated to be 192 h, and the average
monthly reduction in discomfort hours approximately 16 h.

5. Conclusions

In [28] Alrebei et al. have demonstrated the effectiveness of a window-windcatcher, as
a passive ventilation technique, in capturing the prevailing wind and redirecting it into
indoor spaces. For the novel windcatcher proposed in [28] it was shown, using CFD, that it
increased the actual-to-required ventilation ratio by 9%, which is above the requirement by
ASHRAE [REF]. However, the impact of window-windcatchers on energy performance,
energy costs, and thermal comfort, however, was not researched previously. Therefore,
using a DesignBuilder model, the study here investigated and tested the application
of window-windcatchers (as a passive ventilation technique) on a typical multistorey,
residential building. The DesignBuilder model was validated with data collected inside the
building. It was found that the window-windcatchers, applied to all units of the building,
reduced the building’s overall annual energy consumption from 18,143 kWh to 13,911 kWh,
a reduction of approximately 23.3%. The window-windcatcher resulted in an associated
reduction in total and average monthly cooling costs from USD 1814 to USD 1391 and
from USD 151 to USD 116, respectively. The estimated total annual reduction in thermal
discomfort hours was 290 h, and the estimated average monthly reduction in thermal
discomfort hours was, correspondingly, approximately 24 h. Future studies could analyze
the impact on the indoor air temperature of the different building units, in addition to
the ventilation rate. In addition, the effect of the various surrounding elements, such as
neighboring buildings and other issues, could be studied for more detailed results.
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Nomenclature
Ei The monthly cooling energy consumption for the unit i [kWh/month]
Ei The average monthly cooling energy consumption for the unit i [kWh/month]
Etot,i The annual total cooling energy consumption for the unit i [kWh/year]

Er,i
The energy reduction due to the window-windcatcher compared to the base case for the
unit i [kWh/month]

Eb The monthly cooling energy consumption for the entire building [kWh/month]
Eb The average monthly cooling energy consumption for the entire building [kWh/month]

Erb
The monthly energy reduction due to the window-windcatcher compared to the base case
for the entire building [kWh/month]

Etot,b The annual total cooling energy consumption for the unit i [kWh/year]

σE,i
The standard deviation of the monthly cooling energy consumption from the average
monthly cooling energy consumption for the unit i [kWh/month]

σEb
The standard deviation of the monthly cooling energy consumption from the average
monthly cooling energy consumption for the entire building [kWh/month]
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