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Abstract 

Water and plants absorb 55% of the carbon dioxide and pollutants introduced into the 

atmosphere (Ref?). This absorption of carbon dioxide, along with the production of oxygen, is 

recognized as the largest operation in nature (NASA, 2011), which has significant implications for 

improving the indoor air quality (IAQ) of built environments. Thus, this study hypothesizes that a 

natural ventilation system comprising filtration through plants and saturated hydrogels is effective 

for improving IAQ by decreasing the amount of airborne pollutants entering interior spaces from 

the urban environment. Various plant types were analyzed to compare their efficiency in reducing 

CO2 and other air pollutants. Of these, plants that utilize Crassulacean acid metabolism (CAM) 

were found to be the most efficient. The saturated hydrogels within the filtration system maintain 

spacing to allow hot-dry outdoor air to pass through and thus simultaneously diffuse water vapor 

while adsorbing volatile organic compounds (VOCs) and particulate matter of different sizes 

(PM10 and PM2.5).  

The hypothesis was tested via two methods. First, the efficiency of a solar chimney in 

creating airflow inside a room was studied via computer simulations. Second, a physical model 

was subsequently created to test how plants, a hydrogel filter, and their combination affect IAQ, 

measured by air quality through sensors inside and outside the model. The study was conducted in 

March in Tucson, Arizona, which has a typical hot, arid climate. The results of the testing indicate 

the proposed solutions can lower the indoor temperature via evaporative cooling and increase 

humidity levels to 46%, as recommended by a recent IAQ study (Razjouyan, et al., 2020). The 

results also reveal a significant reduction in levels of VOCs, CO2, PM10, and PM2.5. Thus, the 
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proposed ventilation system has significant implications for future designs seeking to ensure 

optimum IAQ via natural ventilation strategies.  
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 Introduction  

Human health and wellbeing are key concerns when designing an indoor environment. For 

any built environment, the intent of is to create a comfortable and healthy habitat for humans that 

protects them from harsh and uncontrollable conditions. In the United States, people spend, on 

average, 90% of their time in built environments (Wallace, 1987), which has significant impacts 

on their health and wellbeing, meaning that it is important to consider health aspects when making 

building design decisions. In particular, building design needs to move beyond a single 

specification to enhance human health and wellbeing as the architectural design of built 

environments affects health and wellbeing and can have long- and short-term effects on quality of 

life. The awareness of the aspects that comprise health-promoting and effective architecture has 

changed over the years, with the focus shifting from hygiene and health to psychological 

wellbeing. However, architects continue to play a significant role in framing the character of our 

environment by considering occupants’ health and promoting mental and physical health. 

 Indoor air quality 

There are endless sources of pollutants in interior spaces, including pollutants transported 

to the interior of buildings through natural ventilation and building openings, as well as pollutants 

released within buildings from materials and equipment. 

 Urban air pollution  

Urban air pollution is generated from a variety of sources, including toxic components, the 

burning of fossil fuels, various human activity, and many chemical compounds used in 

manufacturing and everyday life (Derwent, 1999). These sources produce particulate matter (PM), 

volatile organic compounds (VOCs), carbon dioxide, and other gases that easily infiltrate the 

respiratory system and can cause adverse health effects (Anderson, et al.). Studies in North 
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America and Western Europe have confirmed that urban air pollution causes a series of effects on 

human health, from eye irritation to death (Anderson, et al.). 

One of the most important causes of air pollutants in urban areas of industrialized Western 

countries is population growth and the rapid urbanization of the population. For instance, in 

Northern European countries, ozone levels in urban areas are much higher than in rural areas 

(Anderson, et al.).  While the variety and number of strategies to reduce air pollution are growing, 

human activity is responsible for nearly 3,000 air pollutants (Fenger, 1999). The use of fossil fuels 

and various human activities increase the carbon dioxide level in the air, which, in turn, increases 

global warming.  

Air pollutants can be divided into two groups: hazardous air pollutants and major air 

pollutants. Hazardous air pollutants are a global problem but differ by region depending on economic, 

technological, and political conditions and the development level. Major air pollutants are present at 

much lower concentrations in the atmosphere than hazardous air pollutants (Fenger, 1999). 

1.2.1.1. Outdoor pollutant sources 

Vehicle exhaust, the combustion of fossil fuels, energy production, manufacturing and 

waste incineration equipment, the use of pesticides and tobacco products, and other human activity 

(Fenger, 1999) produce air pollutants that include radon, carbon dioxide (CO2), sulfur dioxide 

(SO2), nitrogen oxides (NOX, including NO and NO2), carbon monoxide (CO), ozone (O3), and 

lead (Pb) (Anderson, et al.). 

1.2.1.2. Indoor pollutant sources  

Insulation materials that contain asbestos, parquet and newly installed floors, carpets and 

sofa upholstery, furniture made from pressed wood products, detergents and materials used in 

home maintenance, materials used in personal care, air conditioning and heating systems, 



12 
 

Ghayda Alhabib, MS. ARCH HBE 2020 

humidifiers, and cooking appliances, especially gas ovens (Jones, 1999) produce the pollutants 

that include carbon dioxide (CO2), volatile organic compounds (VOCs), formaldehyde, PM10, 

and PM2.5 (Jones, 1999). 

 Health effects of air pollution 

Indoor air pollution has acute and chronic effects on health. It causes chronic respiratory 

and heart disease and minor irritations in the upper respiratory system. Air pollutants also cause 

lung cancer, acute respiratory infections in children, and chronic bronchitis in adults and can 

aggravate pre-existing conditions such as heart and lung disease, and asthma attacks. Further, 

exposure to pollutants has been linked to early death and reduced life expectancy (Kampa & 

Castanas, 2008). 

1.2.2.1. Short-term health effects of air pollution 

While some health effects appear after repeated exposure to pollutants, others may appear 

shortly after exposure to pollutants in the air. Often, these health effects are clear, such as irritation 

of the nose, eyes and throat, lightheadedness, and fatigue. These effects can be quickly alleviated 

if the cause is identified. However, if the cause of these effects is not identified and the patient has 

continued exposure to them, they can worsen and become chronic diseases such as asthma 

(Environmental Protection Agency, 2019). 

Some factors can exacerbate the health effects of air pollution, such as age, gender, and 

general health, with many pollutants affecting the elderly but not younger individuals. Even in the 

absence of high levels of air pollution, some people may be affected because of sensitivity to 

individual pollutants. Further, repeated exposure to pollutants may cause rapid vulnerability. It is 

sometimes difficult to determine the cause of rapid-onset symptoms resulting from exposure to air 



13 
 

Ghayda Alhabib, MS. ARCH HBE 2020 

pollutants because they are similar to the symptoms of influenza or a cold (Environmental 

Protection Agency, 2019). 

1.2.2.2. Long-term health effects of air pollution 

Some health effects appear after many years of exposure to pollutants, for example, cancer, 

respiratory and heart disease, and asthma. In developing countries, roughly 3% of adult deaths due 

to cardiovascular disease, 1% of child deaths due to acute respiratory infections, and 5% of deaths 

due to cancer or respiratory and lung disease are caused by long-term exposure to air pollutants 

(Environmental Protection Agency, 2019). Researchers believe improving IAQ is important 

because, while air pollutants are invisible, they can cause serious symptoms along with health 

effects that may be serious and can cause death (Environmental Protection Agency, 2019). 
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 Background 

 Natural ventilation 

Gratia and De Herde (2004) studied natural ventilation in a double-skin façade, which is a 

double façade is a natural ventilation solution for buildings, especially multi-story structures. This 

type of solution is activated based on the direction of the wind and the amount of solar heat falling 

on the façade. The efficiency of this type of solution on the northern and southern façades of an 

office building was studied on a hot, sunny day (i.e., July 24) in a warm climate. The natural 

ventilation system was powered by the wind and the buoyancy of the air that occurs due to the 

high temperature caused by sunlight falling on the facade. The difference in the height of openings 

also had a significant effect on increasing the natural ventilation entering the building. When 

sunlight falls on the facade, the air inside the facade became warmer and lighter in density. 

Subsequently, it rose and pushed the warm air out of the building’s ventilation openings to the 

outside, creating an airflow inside the building. In this type of facade, sunlight may affect the 

thermal comfort of occupants due to the direct sunlight falling on the facade, especially if the 

facade is south-facing and no shading devices have been installed (Gratia & De Herde, 2004). 

 

 Plants and indoor air quality (IAQ) 

Natural plants of all kinds can be used to purify the air of pollutants.  Tarran, Torpy, and 

Burchett (2007) used living potted plants to cleanse indoor air. Plants were watered and then tested 

for their ability to absorb air pollutants in closed boxes measuring 0.6 x 0.6 x 0.6 meters. It was 

confirmed that there was no leakage of air from the boxes, and they were injected with a solution 

with 25 ppm of gasoline to test the plants’ ability to absorb this pollutant. Tropical plants, namely 

Zamioculcas and Aglaonema, were found to have a high capacity to absorb three doses of benzene 



15 
 

Ghayda Alhabib, MS. ARCH HBE 2020 

and VOCs within 48 hours[. The Zamioculcas plant has dense leaves and abundant roots filled 

with water, and the Aglaonema plant has a high capacity to absorb water, which means it is 

efficient at absorbing pollutants (Tarran, Torpy, & Burchett, 2007). 

In a second study outlined in the same paper, Tarran, Torpy, and Burchett (2007) observed 

how plants affect air quality in office buildings. Air quality was measured from May to October in 

12 offices ranging in size from 10 m2 to 12 m2. Six of the offices contained plants, and six did 

not. There were six to eight air changes per hour. The building was equipped with air conditioning, 

windows were often closed, and heaters were used intermittently. Samples were taken weekly for 

5 minutes and tested for carbon dioxide. 

The results of this study show positive effects of plants on IAQ and that plants have a 

significant effect on absorbing pollutants in the air. The amount of carbon dioxide decreased by 

about 10% in air-conditioned offices and by about 25% in offices dependent on natural ventilation. 

The results differed due to the different lighting, plant status, and the types of plants present  

(Tarran, Torpy, & Burchett, 2007). 
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 Research questions and goals 

This paper is focused on indoor air quality (IAQ) as it is an important factor in the health, 

wellbeing, and comfort of the occupants of a structure. Pollutants in indoor air can be two to five 

times higher than in outdoor air (Wallace, 1987). Children, the elderly, and people with 

cardiovascular or respiratory issues often spend significant amounts of time in the built 

environment and are the most susceptible to the effects of air pollution (American Lung 

Association, Scientific and Medical Editorial Review Panel, 2020). Surveys show that 77% of 

people are unaware that indoor air can be more polluted than outdoor air, and up to 45% of 

children’s bedrooms have high levels of carbon dioxide because of insufficient ventilation (Velux 

Group, 2016). The natural ventilation of interior residential spaces may be a solution to improve 

IAQ, but the issue of urban pollutants should also be considered. 

Urban air pollution is mainly derived from the combustion of fossil fuels and causes a 

spectrum of health effects, ranging from eye irritation to death. Human-made urban air pollution 

is complex and comprises many toxic components. The natural ventilation of residential 

environments may be a solution to improve IAQ, but the issue of urban pollutants should also be 

considered. Therefore, the study is informed by the following research question: 

• How are pollutants transported between outdoor urban spaces and indoor environments, 

and how can architects remove these airborne pollutants in indoor environments using 

natural ventilation filtration systems?  
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 Research hypothesis  

Water and plants absorb 55% of the carbon dioxide and pollutants that humans put into the 

atmosphere. The process by which carbon dioxide is absorbed and oxygen is released is the most 

massive operation in nature (NASA, 2011) and hence the hypothesis on which this research is 

based is inspired by this natural phenomenon. This research considers the use of natural materials 

(i.e., plants and water) to purify indoor environments from airborne pollutants entering through 

natural ventilation systems from exterior urban spaces. Plant types were analyzed to compare their 

efficiency in absorbing air pollution. Hydrogel material was used as microcontainers for water that 

allow air to pass through the hydrogel filter, which captures air pollutants.  

 Plants and air pollutants 

Plants absorb pollutants through two processes, namely photosynthesis and the Calvin 

cycle, which is called a dark reaction. 

 Photosynthesis in plants 

Photosynthesis involves a complex chemical reaction of three interacting substances 

(carbon dioxide, water, and sunlight) that produce oxygen and glucose to supply a plant with the 

energy needed to survive (Owens, 2016). 

 Calvin cycle types in plants 

The Calvin cycle is named after its discoverer, Melvin Calvin. In this process, the carbon 

dioxide that occurs in plants is used to produce energy and oxygen. It is part of the photosynthesis 

process but does not require light. There are three types of Calvin cycles: C3, C4, and CAM 

(Gunther, 2011). 
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Figure 2 Cross-section of carbon dioxide production by 
C3 reaction (by author) 

Figure 1 Cross-section of oxygen production by C3 
reaction (by author) 

Figure 3 Rice, an example of a C3 plant 
(Yamori, Hikosaka, & Way, 2013) 

 Photorespiration in plants 

 Photorespiration is a wasteful reaction. It occurs when the Calvin cycle enzyme (Rubisco) 

acts with oxygen instead of carbon dioxide (Arrivault, et al., 2019).  

4.1.3.1. C3 Calvin cycle in plants (three-carbon molecule) 

 The C3 Calvin cycle involves fixing carbon dioxide in a three-carbon molecule. In this 

process, carbon dioxide passes through the pores of a plant [Figure 3]. The enzyme interacts with 

it to produce oxygen and energy for the plant. However, an adverse reaction that allows the enzyme 

to interact with oxygen and produce carbon dioxide instead of oxygen occurs during this process, 

reducing the efficiency of oxygen production [Figure 4]. This reverse process cannot be avoided 

unless the plant is in an atmosphere containing no oxygen (Sage, 1999). 
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Figure 5 Corn, an example of a C4 plant 
(Yamori, Hikosaka, & Way, 2013) 

Figure 4 Cross-section of oxygen production by C4 reaction (by 
author) 

 

4.1.3.2. C4 Calvin cycle in plants 

The C4 Calvin cycle involves a PEP enzyme that reacts with carbon dioxide before 

reaching the Calvin cycle cell [Figure 6]. The PEP enzyme converts carbon dioxide into a liquid 

called malate, which is sent to the cell to produce oxygen and energy. Consequently, this type of 

Calvin cycle produces only oxygen. No inverse process occurs because the PEP enzyme interacts 

with carbon dioxide only before it is sent to a Calvin cycle cell [Figure 5] (Sage, 1999). 
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Figure 6 Cacti, and example of a CAM 
plant (Robinson, 2020) 

4.1.3.3.  CAM Calvin cycle in plants 

The CAM Calvin cycle occurs similarly to the C4 Calvin cycle. However, the pores of 

CAM plants close when it is extremely hot outside or the amount of water in its leaves decreases. 

Desert plants are often CAM plants [Figure 8] (Sage, 1999). 

 

 

 

 

 

 

 

 Hydrogel 

Hydrogel is a three-dimensional polymer capable of absorbing large quantities of water 

[Figure 9]. The material swells due to its hydrophilic groups and physical components, which 

include NH2, COOH, OH, CONH2, CONH, and SO3H (Bahram, Mohseni, & Moghtader, 2015). 

 Hydrogel filters 

Hydrogel absorbs water and, dependent on its macro-configuration, allows air to pass 

through. Due to its porosity, it can adsorb VOCs, PM10, and PM2.5. The average size of hydrogel 

pores ranges from 10 nm to 10 μm [Figure 10] (Verma, Dubey, Hegde, Rastogi, & Pandit, 2016).  

PM10 is 10 micrometers or less in size, and PM2.5 is 2.5 micrometers or less in size 
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(Environmental Protection Agency, n.d.), which means they are smaller than pores in hydrogel 

and can thus enter the material.  

 

Figure 7 Hydrogel spheres filled with water (Newman, 2017) 

 

Figure 8 Scanning electron micrograph of a hydrogel (Verma, Dubey, Hegde, Rastogi, & Pandit, 

2016) 
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Figure 9 Case study map (by author) 

 

 Research methodology  

The proposed system aims to improve IAQ by filtering and natural ventilation in residential 

environments, directly and indirectly contributing to improving human health in the built 

environment. The proposed design is sustainable and does not negatively affect interior spaces or 

the urban environment and does not increase global warming. 
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 Natural ventilation with a solar chimney 

Natural ventilation is a solution to improve IAQ in residential environments. A solar 

chimney can be easily installed in any building by creating a glass wall backed by a black layer, 

which absorbs the sun’s thermal radiation, generating heat that pushes air out through the chimney 

and creating continuous air circulation inside the building [Figure 12].  

 Buoyancy  

One of the factors contributing to the airflow in indoor environments is buoyancy.  Density 

is an essential factor in the movement of air. When air becomes warm, its density decreases and 

thus it rises. Colder air, which is denser, pushes the warmer, lower-density air from below. The 

higher the air, the lower the density, and the lower the air, the higher the density. The process that 

occurs through buoyancy is called displacement (Yuan, Chen, & Glicksman, 1998). 

   Displacement ventilation 

Displacement ventilation occurs when cold air pushes hot air up without mixing with it. 

This solution can be used in hot areas to cool occupied space by pushing hot (polluted) air out 

through suction fans (Yuan, Chen, & Glicksman, 1998). 
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Figure 10 Solar chimney system (by author) 

Figure 11 Air inlet with hydrogel and CAM plants (by author) 

. 
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Figure 12 Air outlet section (by author) 

 Hydrogel system (water harvesting) 

The proposed hydrogel filter can be supported by pre-filtered, harvested rainwater. 

Rainwater holds pollutants and dust particles from the roof that measure up to 100 µm (World 

Health Organization, 1999), which means it easy to purify before it is used in water filters [Figure 

15]. 
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Figure 13 Rainwater filtration system (Rooftop Rainwater Harvesting Filters, n.d.) 

 Objectives of the proposed system 

• Achieve human thermal comfort 

Personal thermal comfort is an essential requirement in indoor environments. However, it 

is difficult for everyone to be equally satisfied with thermal comfort, even if they are subject to the 

same conditions. Secondary factors such as age, gender, personal thermal adaptation, and health 

affect thermal comfort (Ning, 2016).  

• Reduce pollutants in indoor air 
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Studies have shown that symptoms of the mucosal membrane and respiratory dysfunction 

are associated with carbon dioxide at 800 ppm. Symptoms increase 1.2 to 1.5 times for each 100 

ppm (Apte, Fisk, & Daisey, 2000).  

Other features of the proposed system are low installation cost, easy maintenance, and low 

irrigation needs. In addition, there is no damage to the building surface and views and light are not 

blocked. 

 

 Methods: 

Two methods were used to test the effectiveness of the proposed design. Initial simulations 

were done to study the solar chimney’s efficiency in creating an airflow inside the room. Then, a 

physical model was created to test the efficiency of the plants and hydrogel filter using air-quality 

sensors. 

 Air flow simulation  

CFD Ultimate software includes thermal analysis simulation tools that can be used in the 

product design process. It is also used by architects and other building professionals for building 

information modeling (BIM) to optimize heating and ventilation systems (CFD Ultimate, 2017). 

This software was used for the simulations in this research. 

  



28 
 

Ghayda Alhabib, MS. ARCH HBE 2020 

Figure 14 6 in 1 Air monitoring system 
(Air Mentor Pro: 6-in-1 Smart Air Quality 

Monitor (8096-AP), n.d.) 

  Outdoor and indoor air quality monitoring  

The Air Mentor Pro: 6-in-1 Smart Air Quality Monitor (8096-AP) was used for air 

monitoring [Figure 16]. The system has a temperature sensor with a range from 0℃ to 80℃, a 

humidity sensor with a range of 0% to 100%, a PM2.5 sensor with a range of 0 to 300μg/m3, and 

a PM10 sensor with a range of 0 t0 300μg/m3. In addition, the system has a TVOC gas pollution 

sensor with a range of 125 to 3,500 ppb and a CO2 NDIR sensor with a range of 400 to 2,000 ppm 

(Air Mentor Pro: 6-in-1 Smart Air Quality Monitor (8096-AP), n.d.). 
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  Result and discussion   

The efficiency of plants (CAM and C3) and the hydrogel filter used as part of a natural 

ventilation system (i.e., solar chimney) was tested in two stages. The first stage was a computer 

simulation to measure the efficiency of the chimney as a natural ventilation strategy. The second 

stage was a physical experiment to test the absorption of pollutants by the hydrogel filter and 

plants. 

 Air flow simulation  

CFD Ultimate software was used to simulate natural ventilation in a desert area, namely 

Tucson, Arizona, which is extremely hot in the summer. On June 21, the maximum outdoor 

temperature is up to 100°F [Figure 17]and the humidity is 3%.  

 

Figure 15 Tucson’s monthly weather (National Centers for Environmental Information, n.d.) 
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The simulation was carried out using the summer climate because the solar chimney 

becomes more efficient with longer exposure to sunlight. In Tucson, there are long daytime hours 

in the summer, which allows the chimney to operate for up to 14 hours a day [Figure 18]. 

 

Figure 16 Tucson’s monthly daylight hours (National Centers for Environmental Information, 

n.d.) 
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Figure 17 3D model of air flow and temperature in summer (by 
author) 

Solar chimney simulation  

The simulation was performed with CFD Ultimate software. Material characteristics, 

including heat conductivity, emissivity, and heat capacity, were modified according to the 

materials’ standard properties. The outdoor temperature was 100°F for the summer simulation and 

66°F for the winter simulation, with a heat transfer coefficient of 3.5. The pressure in the outlet 

was 0 Pa. 

 

 

  

Figure 20 Elevation of air flow and temperature in summer (by 
author) 

Figure 19 Elevation of air circulation and temperature in 
summer (by author)  

Figure 18 3D model of air circulation and temperature in 
summer (by author) 
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Figure 21 Elevation of air flow and temperature in winter (by author) 

Figure 22 3D model of air flow and temperature in winter (by author) 
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 Results  

The results of the simulation [Figure 19-24] show that the solar chimney is highly efficient 

for natural ventilation. Due to the northern façade, cold, high-density air enters the lower inlet and 

exits the top of the chimney after it becomes warmer. The glass in the outlet allows solar radiation 

to heat the air and reduce its density. Thus, the hot air is quickly pushed up to create airflow in the 

building. The hot air rises, and the cold air remains at the bottom. There are simulation factors 

such as the window that heat the air so it can rise. 

 Physical model   

The efficacy of the solar chimney as a natural ventilation system can be proven even in 

small models. Many physical properties contribute to the increased efficiency of natural ventilation 

in a solar chimney, such as the size of the air gap, air temperature, and the distance between the 

air inlet and outlet. These physical aspects can be applied to small-scale models. For example, 

Bansal, Mathur, and Jain (2006) used a scale model of a solar chimney measuring 1 m3. The air 

gap in the model’s outlet was adjustable to a minimum of 10 cm and a maximum of 70 cm. A 

window measuring 30 x 30 cm was used as an air inlet. A number of physical factors contributed 

to the success of the modeled solar chimney. In particular, the higher the distance between the air 

inlet and outlets, the more airflow inside the room. In addition, the air outlet should be positioned 

higher than the air inlet, and the air outlet should be bigger than the air inlet for better airflow. 

For the present research, a plywood model of a house with a solar chimney for natural 

ventilation was used [Figure 25]. The 1/1 model had scaled dimensions of the simulation set-up 

and measured 30 x 22 x 17. The model had a 2.5-inch air gap and an outlet opening measuring 17 

x 4.5 inches. The model included a 10 x 17 black iron absorber and an exterior glass chimney wall 

measuring 17 x 14 inches to allow solar radiation to warm the air. An inlet measuring 4 x12 inches 
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Figure 24 Sealing the model with 
tape and temp glue (by author) 

was constructed at the bottom of the model for more efficient airflow due to the displacement 

feature. The model was covered by 2 inches of 6.0 R-value insulation and sealed with temp glue 

and tape [Figure 26].  

 

 

  

Figure 23 Model before & after applying insulation (by author) 
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The experiment was conducted in Tucson, Arizona at the end of March on a main street to 

measure urban pollutants. The experiment was carried out on six consecutive days for 4 hours each 

day from 12:30 pm until 4:30 pm, and air sensors were placed inside and outside the model. On 

the first day, the model was placed next to the main street [Figure 27] to measure how natural 

ventilation affects the indoor environment and obtain baseline measurements. On the second day, 

the hydrogel filter was installed in the air inlet, and one sensor was placed inside the model and 

another outside the model. On the third day, CAM plants [Figure 28-29] were placed at the air 

inlet, and the sensors were placed inside and outside of the model. On the fourth day, the hydrogel 

filter and CAM plants were placed together at the air inlet. On the fifth day, C3 plants[Figure 30-

31] were placed at the air inlet, and the sensors were placed in the same position inside and outside 

the model. On the sixth day, C3 plants and the hydrogel filter were placed together, and the sensors 

were placed in the same position inside and outside the model. 

 

Figure 25 Experiment site (by author) 
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Saguaro Cactus 

Botanical name: Carnegiea 
Gigantea 

Origin/Native: Sonoran 
Desert (Saguaro Cactus, 
2018). 

Calvin cycle: CAM  

Figure 28 an example of C3 plant : 
Hibiscus (By author) 

Figure 29 an example of C3 plant : Canna 
(By author) 

Figure 26 Echinocactus, an example of 
a CAM plant (by author) 

Figure 27 Carnegiea Gigantea, an example of a 
CAM plant (by author) 

Golden Ball Cactus 

Botanical name: 
Echinocactus grusonii 

Origin/Native: Mexico 
(Cactus & 

Succulents Plants, n.d) 

Calvin cycle: CAM 

Canna 

Botanical names: Canna 
indica L. 

Origin/Native: Australia. 
New Zealand, southern 
USA, southern and 
eastern Africa, Hawaii and 
several other Pacific 
islands (Lusweti, nd). 

Calvin cycle: C3  

Hibiscus 

Botanical names: Hibiscus 
rosa, Hibiscus sabdariffa 

Origin/Native: India 

Calvin cycle: C3  
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The effect of natural ventilation on the model can be explained as follows. A solar chimney was 

created as a system for natural ventilation because it is among the most efficient systems in hot, 

dry areas. On the first day of testing, March 20, the model alone was used to test the natural 

ventilation system alone. The diagrams in [Figures 32-38] describe the effects of natural 

ventilation, allowing analysis of the differences from the baseline after adding the hydrogel filter 

and plants. 

 

Figure 30 Model after applying insulation (by author) 
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Figure 31 Change in temperature due to natural ventilation from the solar chimney (by author) 

 

Figure 32 Change in humidity due to natural ventilation from the solar chimney (by author) 
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Figure 33 Change in PM2.5 due to natural ventilation from the solar chimney (by author) 

 

Figure 34 Change in PM10 from natural ventilation from the solar chimney (by author) 
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Figure 35 Change in CO2 due to natural ventilation from the solar chimney (by author) 

 

Figure 36 Change in VOCs due to natural ventilation from the solar chimney (by author) 

The charts in [Figures 32-38] demonstrate the changes in the quality of outdoor and indoor 

air due to the natural ventilation that carried pollutants from the outside to the inside through the 

air inlet. 
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Figure 38 Hydrogel filter (by author) Figure 37 Hydrogel filter applied to the 
model (by author) 

Figure 39 Change in temperature with hydrogel filter (by author) 

On the second day, March 21, a hydrogel filter was added to the model’s air inlet to measure 

its efficacy in increasing the humidity, reducing the temperature, and absorbing pollutants before 

entering the prototype. 

 

 

 

 

 

 

 

 

Because the day was sunny, the solar chimney played a role in increasing airflow, 

increasing the speed of natural ventilation from the air inlet. The air was cooled when passing 

through the hydrogel filter, and the hot air rapidly rose out of the solar chimney [Figure 41]. 
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Figure 40 Change in humidity with hydrogel filter (by author) 

Intuitively, the humidity would increase inside the model, especially since the solar chimney 

helped increase airflow from the outside, thus enhancing the release of moisture inside the 

prototype from the hydrogel filter [Figure 42]. 
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Figure 41 Change in PM2.5 with hydrogel filter (by author) 

 

Figure 42 Change in PM10 with hydrogel filter (by author) 

Due to exhaust from vehicles, there were high PM levels in the outdoor air. Even with an 

increase in PM levels, the hydrogel filter retained the ability to absorb pollutants before they 

entered the prototype[Figure 43-44]. 
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Figure 43 Change in CO2 with hydrogel filter (by author) 

The rate of carbon dioxide inside the prototype decreased due to the natural ventilation 

system and hydrogel filter [Figure 45]. 

 

Figure 44 Change in VOCs with hydrogel filter (by author) 
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The amount of VOCs inside the prototype was lower than outside the prototype [Figure 

46]. The reason for this may be that natural ventilation reduced the amount of VOCs emitted by 

the glue and insulation used for the model.  

The third day of testing, March 22, was semi-cloudy day. The ability of CAM plants (desert 

cactus) to filter pollutants from the air from was tested [Figure 47]during the 12:30 pm to 4:30 pm 

window. The plants were placed in front of the prototype’s air inlet.

 

Figure 45 Use of CAM plants to filter pollutants from the air (by author) 

  



46 
 

Ghayda Alhabib, MS. ARCH HBE 2020 

Figure 46 Echinocactus Grusonii and Carnegiea Gigantea in front of the prototype’s air inlet (by 
author) 

 

 

 

 

 

 

 

 

  

 

Figure 47 Change in temperature with CAM plants (by author) 

There was no significant difference in the temperature between the outside and 

inside[Figure 49]. Desert plants lose very little water from their pores and thus the air does not 

cool down when passing over this type of plant. 
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Figure 48 Change in humidity with CAM plants (by author) 

There was a significant difference between indoor and outdoor humidity[Figure 50]. The 

higher moisture inside the prototype may have been due to the insulation, which prevents the 

indoor environment from being affected by the conductive materials. The plants did not affect the 

humidity because CAM plants release very small amounts of water from their roots. 

 

Figure 49 Change in PM2.5 with CAM plants (by author) 
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Figure 50  Change in PM10 with CAM plants (by author) 

The PM results differ significantly between the outside and inside, as shown in Figures 51 

and 52, with varying increases and decreases during the testing period. This variability indicates 

that the presence of CAM plants did not affect the absorption of particulate matter and that the 

effect lies in the efficiency of the solar chimney. Because the test was conducted on a partly cloudy 

day, the chimney created high airflow when the sun appeared, which helped remove PM from the 

prototype. When clouds appeared, the efficiency of the solar chimney decreased, causing 

decreased airflow, which, in turn, led to particles remaining in the prototype. 
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Figure 51 Change in CO2 with CAM plants (by author) 

The difference in carbon dioxide levels between the indoor and outdoor environments 

ranged from 50 to 56 ppm [Figure 53]. CAM plants produce oxygen all the time and do not perform 

photorespiration (i.e., the production of carbon dioxide instead of oxygen), so it is intuitive that 

they would have little effect on carbon dioxide levels. 

 

Figure 52 Change in VOCs with CAM plants (by author) 
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Parallel changes in VOCs were seen for the outdoor and indoor[Figure 54]. CAM plants 

cannot absorb VOCs, so natural ventilation played a significant role in reducing VOCs with indoor 

sources. 
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Figure 54 Hydrogel filter and CAM plants (by author) Figure 53 Experiment site on fourth day of testing (by 
author) 

The fourth day of testing, March 23, was partly cloudy. The hydrogel filter and CAM plants 

were applied to the model [Figure 456-57]. The model was covered with two-inch insulation with 

a 6.0 R-value. The insulation was also placed under the black plate. 
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Figure 55 Change in temperature with hydrogel filter and CAM plants (by 
author) 

Figure 56 Change in humidity with hydrogel filter and CAM plants (by 
author) 

 

  

 

 

 

 

  

 

 

 The interior temperature of the model was either two degrees less than or equal to the exterior 

temperature[57]. This may have been because of the partly cloudy conditions, which affected the 

efficiency of the solar chimney, and a moderate outdoor temperature.
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Figure 57 Change in PM10 with hydrogel filter and CAM plants (by 
author) 

Figure 58 Change in PM2.5 with hydrogel filter and CAM plants (by 
author) 

There was a significant difference between the humidity inside and outside the model but little 

change over the course of the testing period. Due to the hydrophilic property of the hydrogel 

filter and airflow from the outside, absorbed water was released into the model, increasing the 

humidity to 46%, which is the requirement in the current building code (WELL Institute). 
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Figure 59 Change in CO2 with hydrogel filter and CAM plants (by author) 

At 1:45 pm, a car passed the testing site, causing the sensor to record high levels of PM. 

[Figures 59-60] indicate that the hydrogel filter was highly effective in absorbing particles due to 

its porosity. The hydrogel filter was able to keep the PM levels inside the model less than 10μg/m3. 

 

 

 

 

 

 

 

 

As seen in [Figure 61], CAM plants are effective at absorbing carbon dioxide. There was 

a significant difference in the carbon dioxide levels inside the model and the outdoor environment. 

Regardless of how much oxygen is in the air, CAM plants absorb carbon dioxide and produce only 

oxygen, as they do not perform photorespiration. 
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Figure 60 Change in VOCs with hydrogel filter and CAM plants (by 
author) 

  

 

 

 

 

 

 

The VOC level was higher inside the model [Figure 62]. This is logical as the insulation 

and glue used in the model are among the most common substances producing VOCs. Because the 

model has thermal insulation, it is intuitive that the VOC levels would be increased.  

On the fifth day of testing, March 24, the effect of C3 plants on IAQ was tested [Figure 63-

64]. Plants were placed at the air inlet, and air-quality sensors were placed inside and outside the 

model. The results are shown below. 

 

Figure 61 C3 plants in front of the prototype’s air inlet (by author) 
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Figure 62 C3 plants in front of the prototype’s air inlet  (by author) 

 

Figure 63 Change in temperature with C3 plants (by author) 
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There was little difference between the temperature inside and outside the model[Figure 

65], which means the C3 plants did not significantly affect the temperature. 

 

Figure 64 Change in humidity with C3 plants (by author) 

Humidity was equal inside and outside the model [Figure 66]. C3 plants lose water through 

their pores, but the amount of water lost varies over time. The density of plants also affects 

humidity. The higher the density of plants, the higher the humidity. Figure 69 shows a clear 

difference in humidity over the course of the testing period, with a significant effect in the first 

two hours. After this point, the humidity inside and outside the model was approximately equal. 
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Figure 65 Change in PM2.5 with C3 plants (by author) 

 

 

Figure 66 Change in PM10 with C3 plants (by author) 

As shown in [Figures 67-68], PM levels varied inside and outside the model. The C3 plants 

did not significantly affect the PM levels because there is no noticeable difference between the 

levels when C3 plants were added to the model and the baseline levels. 
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Figure 67 Change in CO2 with C3 plants (by author) 

Plants absorb carbon dioxide, so it is intuitive that they would affect the level of carbon 

dioxide in the model[Figure 69]. When comparing the efficiency of C3 and CAM plants, it is clear 

that C3 plants are less effective at absorbing CO2 than CAM plants. 

 

Figure 68 Change in VOCs with C3 plants (by author) 
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The most significant source of VOCs in the model was insulation and glue. Natural 

ventilation reduced the level of these VOCs, and there is no noticeable effect of C3 plants on VOC 

levels [Figure 70]. 

On the sixth day of testing, March 25,  C3 plants were tested along with a hydrogel filter 

to measure their combined effect on IAQ [Figure 71-72]. The hydrogel filter was placed over the 

air inlet, and the C3 plants were placed directly in front of the air inlet. 

 

Figure 69 C3 plants and hydrogel filter in front of the air inlet (by author) 
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Figure 70 C3 plants and hydrogel filter in front of air inlet (by author) 

 

 

Figure 71 Change in temperature with C3 plants and hydrogel filter (by author) 
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Figure 72 Change in humidity with C3 plants and hydrogel filter (by author) 

[Figures 73-74] show the effect of the hydrogel filter and C3 plants on temperature and 

humidity. The combination had a significant effect on humidity, and the temperature was lower 

than normal. This may be due to the efficiency of the solar chimney works and its impact on the 

strength of the air current. 

 

Figure 73 Change in PM2.5 with C3 plants and hydrogel filter (by author) 
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Figure 74 Change in PM10 with C3 plants and hydrogel filter (by author) 

[Figures 75-76] indicate that the PM levels varied but remained steady inside the model. 

This is due to the natural porosity of the hydrogel, which allowed it to absorb pollutants. At 3:45 

pm, a car passed the testing site, causing the sensors to record high levels of PM. 

 

Figure 75 Change in CO2 with C3 plants and hydrogel filter (by author) 
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For all of the experiments, the effect of the hydrogel filter combined with plants was 

stronger than that of plants alone on carbon dioxide levels, which indicates the absorption of 

hydrogen by carbon dioxide. 

 

Figure 76 Change in VOCs with C3 plants and hydrogel filter (by author) 

The hydrogel filter combined with the C3 plants protected the model from the effects of 

outdoor VOCs [Figure 78]. Although the VOC level increased outside, it remained stable inside. 
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 Efficiency of the filters used to absorb pollutants 
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Figure 77 Efficiency of the filters used to absorb pollutants (by author)  
 

 

 Limitations of study  

 Solar chimney efficiency  

Climate has a strong influence on the solar chimney as cloudy weather reduces the 

efficiency of the airflow created by the chimney. Thus, we assume that the hydrogel filter and 

plants have a lesser effect on the indoor environment. The solar chimney is more efficient on sunny 

days, as the airflow is stronger and faster because of solar radiation. Accordingly, it can be assumed 

that the hydrogel filter works by releasing moisture, cooling the air before it enters the model, and 

absorbing pollutants due to its porosity. 

In addition, natural ventilation reduces pollutants such as VOCs and PM. The more 

efficient the solar chimney, the lower the level of pollutants in the model, which makes it difficult 

to determine the effect of the hydrogel filter and plants accurately. 
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 Indoor pollutant source: 

 There are indoor factors that affect air quality. In particular, the materials used in the 

model, such as wood, insulation, glue, and tape, are all sources of VOCs. Therefore, the amount 

of VOCs may have been somewhat high in the model, especially on the first day of testing, with 

the VOCs gradually disappearing over time if there are no new sources. 
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 Conclusion 

In conclusion, this research investigates how IAG can be improved. It determines the 

efficiency of CAM and C3 plants and hydrogel material in absorbing airborne pollutants. Because 

indoor air can have five times more pollution than outdoor air, the application of these passive 

strategies to the air inlet contributes to efficient natural ventilation. 

Many studies have demonstrated the influence of plants on air quality. This study was 

carried out in a desert area, which is a suitable environment for CAM plants. The hydrogel filter 

can cool the air and increase its moisture content and is appropriate to use in hot, dry areas. The 

use of such filters in humid areas could increase the level of pollutants and germs due to excessive 

humidity. Hydrogel filters absorb pollutants, and no contaminants are produced during the 

manufacture of the material. Further, plants do not produce pollutants and play a significant role 

in absorbing carbon dioxide and releasing oxygen into the atmosphere. 

The results of this research show that the tested strategies (hydrogel filter and plants) can 

decrease indoor carbon dioxide levels by 17%, decrease PM10 by 79%, decrease PM2.5 by 82%,  

increase the humidity by 60%, and reduce the temperature by 15%. Further, natural ventilation 

was found to reduce VOCs by 36% in indoor air.  

These improvements in IAQ could have positive impacts on the health of the respiratory 

system, heart, eyes, and skin. In addition, improved IAQ may also reduce the incidence of cancer 

and death caused by air pollution. Further, these strategies can achieve human thermal comfort by 

raising the humidity and reducing the temperature in a hot, arid climate. 
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