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ABSTRACT 

Atmospheric carbon dioxide (CO2) concentration has risen since the industrial revolution, 

reaching record highs year after year, and is projected to continue rising. The global average 

concentration of CO2 has risen from 280 parts per million (ppm) to over 400 ppm over the last 150 

years alone. CO2 is sourced from not only fossil fuel use, but also from an increasing population 

world-wide in combination with a reduction of foliage. Indoor air quality (IAQ) suffers as a result 

of poor circulation, and buildings have been shown to accumulate air toxics such as CO2 at greater 

levels than outdoors.  

Standards permit increases in CO2 indoors in relationship to outdoor baseline levels, thus 

permitting an ever-increasing level of CO2 indoors. Although high concentrations of CO2 have been 

associated with perceptions of poor air quality, symptoms of illness, slow work performance, and 

absence from work or school, such as in cases of sick building syndrome (SBS), these effects have 

been assumed to be due to other air toxics that accompanied high CO2 levels in buildings.  

New studies in low-to-moderate CO2 exposure in the range of 1,000 - 2,500 ppm challenge 

this assumption, and report negative impacts to proof-reading tasks, with further research in the 

same study series conducted with more sensitive cognitive function tests illustrating an impact on 

decision-making performance (Allen et al., 2015; Satish et al., 2012). With such broad human-

occupied space impacts, IAQ factors such as CO2 cut across all socioeconomic categories, and cries 

out for innovative solutions.  

The proposed approach in this thesis provides a framework for assessing IAQ data on the 

human health impacts of long-term IAQ exposures, both indoor and outdoor, with a sensor network 

designed to provide accessible real-time data visualizations to building occupants. Only outdoor air 

quality data is currently available from organizations such as the Environmental Protection Agency 

(EPA). With a new concept of “connected buildings,” equipped with IAQ monitoring made available 

by the proposed air quality sensor network, a new IAQ data stream can be merged with existing 

outdoor air quality monitoring station data streams such as those from the EPA.  
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The goal of this research is to enable IAQ data acquisition on a continuous basis towards 

better informed decisions for industrial development, enactment of standards, ecological policy for 

architectural development, and individual’s exposures, through consolidation of air quality metrics 

that combine real0time output from outdoor and indoor built environments that can be reviewed 

at-a-glance. The indoor distributed wireless sensor network (IDWSN) has been designed and 

produced to meet the needs of continuous real-time data monitoring while populating a database 

used to moderate IAQ remediation systems and real-time visualization interfaces to keep human 

occupants of a building informed. 

 

Key words: carbon dioxide, electromagnetic radiation, human health and well-being, indoor air 

quality, indoor distributed wireless sensor networks, lighting, photosynthesis, remediation, sick 

building syndrome (SBS) 

 

 



 
 

1. INTRODUCTION 

1.1 Prelude 

 

“There’s so much pollution in the air now that if it 

wasn’t for our lungs there’d be no place to put it all.” 

-Robert Orben (Krier, 2008) 

 

 The reference to air pollution in this quote exemplifies the result for human health and 

well-being when the atmosphere is treated as an endless landfill. The EPA has ranked indoor air 

pollution as a top environmental risk to public health (United States Environmental Protection 

Agency, 2013). Furthermore, EPA indicates in the same report that IAQ can contain two to five 

times the constituent toxicity levels in comparison to outdoor air, and sometimes up to 100 times 

such as when solid fuels are used indoors. This is concerning because the EPA has reported that 

Americans, on average across the nation, spend as much as 90% of their time indoors (United 

States Environmental Protection Agency, 1992).  

These issues are compounded with methods in practice when designing and constructing 

buildings for increased energy savings, such as the use of air-tight seals and reduced ventilation. 

CO2, in particular, has been the subject of human testing (Allen et al., 2015; Satish et al., 2012). 

These recent studies have supported a reduction in cognitive function at low-to-moderate CO2 

concentrations (approximately 1,000 – 2,500 ppm) found in a variety of buildings (Colton et al., 

2014; Corsi, Torres, Sanders, & Kinney, 2002). In offices, CO2 concentrations have been found to 

range from 350 – 2,500 ppm (Seppänen, Fisk, & Mendell, 1999).  

The significant question this thesis seeks to approach an answer to is what system design 

will alleviate negative impacts on human performance and productivity from CO2 concentrations 

indoors. The empirical component of this thesis is an indoor air quality sensor network, which 

includes an air quality sensor node, psychrometric profile sensor node, and data management 
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system including visualization methodology. The ultimate goal of this thesis is to design a 

theoretical framework around an individual’s exposure to CO2, human performance and 

productivity impacts, and photosynthetic methods of alleviating the exposure risk(s).  

The primary thesis argument is that a “connected building,” a building that is equipped 

with the proposed indoor distributed wireless sensor network, will provide the infrastructure with 

which IAQ can be monitored and acted upon real-time to reduce or eliminate potential human 

CO2 exposure risks with photosynthetic solutions. Calculations in respect to life safety are 

developed in support of a current CASE defense building testbed which seals off from exterior air 

in the event of outdoor air contamination, with building occupants becoming reliant on the ability 

of a photosynthetic solution to ameliorate CO2. 

 

1.2 Review of Indoor Carbon Dioxide Research Area 

The National Oceanic and Atmospheric Administration (NOAA) monitors the annual gains 

of CO2 around the globe. These logs have illustrated greater annual increases in outdoor baseline 

CO2 concentrations since the Industrial Revolution of the U.S.A. (1820 - 1870). Although there is 

substantial support for monitoring outdoor CO2 concentrations, there has generally been limited 

access to data on CO2 levels within indoor built environments where the majority of 

contemporary populations spend up to 90% of their time (United States Environmental 

Protection Agency, 1992). Currently, measurements of CO2 within buildings are only obtained 

when severe air quality problems are suspected, possibly resulting in chronic and pervasive low-

to-moderate (1,000-2,500 ppm) human exposure to CO2 across the nation. 

With rising annual concentration of outdoor ambient CO2 concentrations around the globe 

and increased urban CO2 concentrations due to higher density exhaust, the issue of human 

exposure to CO2 concentrations detrimental to human performance and productivity is becoming 

increasingly apparent, and worthy of further analysis. Illustrated in Figure 1 (Carbon Visuals, 

2014), CO2 emitted from New York City every day is shown in the form of one-tonne blue spheres 
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of pure CO2 placed all in one location. Some of this CO2 ends up in buildings due to ventilation 

systems acquiring outdoor air from within the urban realm. Due to the larger quantity of effected 

populations in the urban realm, this thesis will focus upon commercial and mechanically 

ventilated buildings common throughout the nation’s urban centers.  

 

 

Figure 1: New York City's Daily Carbon Dioxide Emissions Emission of CO2 by New 

York City every day is represented as one-tonne blue balls of CO2 all emitted from one 

location at the same time. The mound of blue balls could fully engulf the Empire State 

Building (Carbon Visuals, 2014; reprinted with permission). 
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2. REVIEW OF THE LITERATURE AND DEFINITIONS 

2.1 Introduction 

Carbon is a fundamental part of the life cycle that when balanced, operates to the benefit of 

plants and animals alike. However, with the dramatic increase in CO2 concentrations in the 

atmosphere that the burning of fossil fuels has developed, a substantial greenhouse gas effect now 

threatens the planet with potentially catastrophic climate change. In combination with wide-

spread global deforestation, naturally occurring CO2 sequestration methods have been reduced or 

destroyed in favor of additional CO2 production mechanisms. To reclaim balance between CO2 

producers and sequesters, sequestration processes must be reintroduced into the environment. 

The longer the path to sequestration, the greater opportunity there is for increased concentration 

of CO2, and with it greater opportunity for detrimental effects on human health and well-being. 

 

2.2 Carbon Dioxide and the Role of the Carbon Cycle in Amelioration Methods 

The Carbon Cycle illustrates that CO2 from humans is not purely emitted, but is rather 

released back into the Carbon Cycle. This thesis will focus purely on the Fast Carbon Cycle instead 

of the Slow Carbon Cycle (100-200 million years), which involves rocks, sediment, and storage of 

carbon. In Figure 2, the contributions of human activities are evident, including respiration, to 

atmospheric levels of CO2. Plants are shown to sequester CO2 and can respire back to the 

atmosphere, form biomass, or even transport the CO2 into the growing media. 

Parentheses in Figure 2 represent storage mechanisms, whereby plant biomass, for 

instance, is indicated as such a storage mechanism. Thus, when consuming a plant or organism 

derived from foliage, humans have consumed the carbon associated with the biomass. In 

buildings, if foliage is used as a method indoors for the reduction of CO2, the foliage will gain 

biomass when sequestering the carbon and thus will require maintenance. That biomass can be 

consumed in the case of edible plants, composted, or otherwise disposed of. 
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Figure 2: Amelioration of Atmospheric Carbon as a Necessity in the Carbon Cycle 

Remediation of CO2 through foliage photosynthetic processes successfully sequesters some 

carbon in the form of biomass. With indoor inedible plants, this biomass must later be 

disposed of. The disposal method of foliage determines the timing of the eventual release of 

carbon back into the atmosphere or localized air stream. Emissions of carbon from human 

activity outweighing the Earth’s regular geological, atmospheric, and biological processes 

results in the annual increase in baseline CO2 levels throughout the globe (United States 

Department of Energy, 2008; reprinted with permission). 
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2.3 Indoor Carbon Dioxide Sources 

CO2 within indoor air is primarily the result of human respiration, wherein CO2 is released 

back into the air stream. If foliage is utilized in a building, microbiology in the growing media will 

also contribute to CO2, but this is often a relatively insignificant contribution. If there are more 

than one hundred plants in a building, then the contribution of microbiology may be great enough 

to be accounted for either in the overall contribution of a foliage to CO2 remediation or as a 

separate contribution in opposition to foliage contributions as is illustrated in Figure 2. Indoor 

CO2 occupied by humans will thereby be increasing due to human respiration, and the presence of 

plants may be able to offset rising CO2 concentrations in buildings.  

 

2.4 Indoor Carbon Dioxide Concentrations Versus Outdoor Concentrations 

Buildings today are designed to standards that permit CO2 concentrations that have been 

demonstrated to have negative impacts to human productivity and performance. ASHRAE states 

that “…indoor CO2 concentrations of 1,000 to 1,200 ppm in spaces housing sedentary people is 

an indicator that a substantial majority of visitors entering the space will be satisfied with 

respect to human bioeffluents…” (American Society of Heating, Refrigerating, and Air-

Conditioning Engineers, 2013b), and in doing so has illustrated a lack of consideration for the 

impact of CO2 on human productivity and performance. Circulation is simply considered a 

method of removing human bioeffluents, rather than treating the CO2 as a toxic compound 

requiring more immediate removal. The issue of CO2 impairment of human productivity and 

performance has thus not yet gained the acceptance and action by building standards 

organizations which define how architects design buildings, at a minimum. These building 

standards organizations, such as ASHRAE, will be a source of substantial positive change 

throughout the nation if standards are updated to reflect more recent research developments in 

CO2 impairment of human productivity and performance. 
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2.5 Human Productivity and Performance Impacts of Carbon Dioxide 

Organizations such as ASHRAE base building standards and suggestions on human 

exposure standards. In the workplace, several standards for human exposure to CO2 have been 

established by agencies such as the Occupational Safety and Health Administration (OSHA), the 

National Institute for Occupational Safety and Health (NIOSH), and the American Conference of 

Government Industrial Hygienists (ACGIH). These organizations have set out standards based 

upon human health and well-being impacts realized in both accidental exposure circumstances 

and intentional exposure studies. 

 

2.5.1 Carbon Dioxide Human Exposure Standards 

The three primary workplace human exposure standards organizations (OSHA, NIOSH, 

and the ACGIH) refer to CO2 by the Chemical Abstracts Service (CAS) Registry Number, “124-38-

9.” Every chemical or compound is referred to by a unique CAS number. When chemicals or 

compounds are placed within compressed gas cylinders or other containers, the containers are 

labelled according to the CAS number. Even airborne CO2 is still referred to by the CAS number 

when discussing permissible exposure limits (PEL’s) in the human exposure standards. A 

summary of some existing human exposure standards is provided in Table 1. Each of the three 

agencies included in Table 1 have published the indicated human exposure standards for PEL, 

which may also be called a Threshold Exposure Limit (TEL) (American Conference of 

Governmental Industrial Hygienists, 2005; National Institute for Occupational Safety and Health, 

1978; Occupational Safety and Health Administration, 1983). These human exposure standards 

indicate that no PEL or associated time limit is present below 0.5% CO2 concentration. Due to this 

threshold, buildings could contain up to 0.5% CO2 without repercussion. The resulting poor 

ventilation may accumulate bioeffluents and thus be olfactorily unpleasant for occupants, but 

there is a lack of acknowledgement of the human productivity and performance impacts of these 

CO2 concentrations, limiting regulatory intervention. 
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Table 1: Summary of Human Permissible Exposure Limit Standards for Carbon 

Dioxide. Outline of the existing PEL standards for occupational safety. No standards or 

regulations have been established below 0.5% CO2, permitting CO2 concentrations in buildings 

to increase as high as 0.5% without regulatory intervention (American Conference of 

Governmental Industrial Hygienists, 2005; National Institute for Occupational Safety and Health, 

1978; Occupational Safety and Health Administration, 1983). 

Compound PEL (%) Agency Type of Exposure Limit 

Carbon 

Dioxide 

(CO2) 

124-38-9 

0.5 OSHA, NIOSH, ACGIH 8 Hours 

3 ACGIH 10 Minutes 

4 ACGIH Immediately Toxic 

5 ACGIH Intoxication 

7 NIOSH Unconsciousness 

 

 

ASHRAE suggests maintaining a CO2 concentration of at most 700 ppm above the baseline 

outdoor concentration to control bioeffluent accumulation, and most buildings in the nation 

today are designed to this 62.1-2013 standard (American Society of Heating, Refrigerating, and 

Air-Conditioning Engineers, 2013c). The Lamont Atmospheric Carbon Observation Project 

(LACOP) developed by the Lamont-Doherty Earth Observatory at Columbia University in New 

York reports regular daily increases in outdoor ambient CO2 concentrations in excess of 500 ppm 

at Norwalk Station north-east of Manhattan (Lamont-Doherty Earth Observatory, 2016), 

resulting in a total permissible indoor CO2 concentration of 1,200 ppm or more for well ventilated 

buildings abiding by ASHRAE’s suggestions.  

ASHRAE’s position on CO2 concentrations however, is that the guideline of 700 ppm above 

outdoor baseline CO2 concentrations is purely for the removal of bioeffluents and is not related to 

concerns for human productivity and performance. Therefore, new buildings are permitted by 
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ASHRAE to exceed 700 ppm of CO2 above outdoor baseline concentrations, but never beyond the 

5,000 ppm threshold in an eight-hour working day set out by the human exposure standards 

agencies in Table 1. 

 

2.5.2 Carbon Dioxide Acute and Chronic Human Health Effects 

Human health and well-being is effected in more complicated ways than simply a definition 

of “immediately toxic” or “8 Hours” in Table 1. Acute health effects as a result of human exposure 

to CO2 are divulged in Table 2 as an adaptation of several sources (National Aeronautics and 

Space Administration, 2012; National Aeronautics and Space Administration, 2010; United States 

Environmental Protection Agency, 2000). The physiological responses of the human body to the 

indicated exposure limits are displayed. The acute exposure human physiological tolerances 

indicate even higher CO2 concentration limitations than existing occupational safety standards in 

Section 2.5.1. Although these PEL CO2 concentrations are higher than typically experienced in 

buildings, these impacts become relevant in an enclosed space life safety circumstance discussed 

in Section 5. Further exploration of chronic human health effects will reveal greater degrees of 

impact on human health and well-being in a typical commercial building with mechanical 

ventilation. 

Two new landmark studies on low-to-moderate CO2 concentrations (1,000 – 2,500 ppm) 

have begun to change the landscape for indoor CO2 monitoring and risk assessment (Allen et al., 

2015; Satish et al., 2012). These low-to-moderate concentrations of CO2 are commonly found in 

human-occupied spaces today, based on references in Section 2.5.1. These new landmark studies 

have suggested negative impacts on human cognition and decision-making performance as a 

result of low-to-moderate exposure to CO2 for an hour, which is much less time than current PEL 

based on an eight-hour working day. The concentrations of CO2 explored in the studies are found 

in ASHRAE standard buildings today, and therefore the impact of these findings is tremendous; 

schools, emergency response stations, offices, and more are implicated. 
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Table 2: Human Physiological Tolerance Time for Various Carbon Dioxide 

Concentrations and Acute Health Effects. Acute health effects currently recognized by 

standards and occupational health organizations in the U.S.A. are represented. Unfortunately, 

chronic human health and well-being impacts are largely unrepresented. The lower limits of 

this table appear to be theoretical calculations based on acute human physiological response to 

high levels (2% - 7%) of CO2. Due to the gap in literature below acute human physiological 

response experiments current building standards do not rectify human health and well-being 

impacts of low-to-moderate (1,000 – 2,500 ppm) exposure to CO2.  

Physiological Tolerance Acute Health Effects 

CO2 

(%) 

Maximum Exposure 

Time Limit (min.) 

Duration of 

Exposure 
Effects 

0.5 Indefinite 

No Information Provided 1.0 Indefinite 

1.5 480 

2.0 60 Several Hours Headache, dyspnea upon mild exertion 

3.0 20 1 Hour Headache, sweating, dyspnea at rest 

4.0 10 Within a Few 

Minutes 

Headache, dizziness, increased blood 

pressure, uncomfortable dyspnea 5.0 7 

6.0 5 

1-2 Minutes Hearing and visual disturbances 

<=16 Minutes Headache, dyspnea 

Several Hours Tremors 

7.0 <3 

Few Minutes Unconsciousness, near unconsciousness 

1.5 Minutes to 

2 Hours 

Headache, increased heart rate, shortness of 

breath, dizziness sweating, rapid breathing 

 

 

 In the two new landmark studies, error in human task completion of approximately 20% 

was suggested in most categories of decision-making and cognitive performance when the 



11 
 

subjects were exposed to 1,000 ppm of CO2. This represents a statistically significant detriment to 

human productivity and performance, and even greater effects are realized at 2,500 ppm of CO2. 

The limitation to this estimate is that the human error prevalence is from a lab-scale test and may 

not directly reflect error that would occur in real-world scenarios. For example, sleep, nutrition, 

and exercise could have impacted individual or group results. Future studies in-situ at a venue 

similar to the design application will be required to validate predictions utilizing this estimate for 

human error in the workplace. In addition, larger sample sizes will enable a greater degree of 

certainty in the results. 

 

2.5.3 Potential Metrics for Human Health and Well-Being Associated with Low-

to-Moderate Levels of Carbon Dioxide Exposure in Full-Scale Experiments 

The two new landmark studies are in contradiction to some prior studies that primarily 

focused on only physiological effects of human exposure to CO2. From Table 2, human exposure 

effects allegedly begin mildly at approximately 2.0% concentration. However, Eliseeva of Russia 

found in 1964 that inhalation of as low as 1,000 ppm of CO2 produces significant changes in 

respiration, circulation, and cerebral electrical activity (Eliseeva, 1964). These results appear to 

have represented a potential for CO2 to be treated as a pollutant and not simply a marker for 

circulation, but unfortunately the nation’s building standards have not integrated the results of 

Eliseeva or the two more recent landmark studies. 

With these results from Eliseeva considered, the two new landmark studies could likely 

have been able to detect significant changes in physiological effects due to human exposure to CO2 

reaching that of the Eliseeva study, and this weakness in the two landmark studies are admitted 

by Satish et. al. with further research suggested to understand these physiological effects better 

(Satish et al., 2012). For this reason, physiological markers similar to the Eliseeva study should be 

monitored in the future to validate the results and associate these markers with decision-making 

and cognitive performance. This could include the monitoring of breathing capacity and 
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breathing rate for respiration, blood pressure and heart rate for circulation, and the use of an 

electroencephalogram (EEG) for cerebral electrical activity. 

The tests for decision-making and cognitive performance in the two landmark studies 

included computerized questionnaires that evaluated nine categories of function: Basic activity, 

applied activity, focused activity, task orientation, initiative, information search, information 

usage, breadth of approach, and basic strategy. These categories and associated tests were 

provided as part of a proprietary computerized testing system which has undergone substantial 

review and tailoring to more accurately represent the intended metrics (Breuer & Satish, 2003; 

Cleckner, 2006; Swezey, Hutchenson, & Swezey, 2000). 

The proprietary system simulates working environments requiring highly performing 

executive function skills such as those of emergency call centers (Breuer & Satish, 2003), and thus 

stress can become an operational factor in the testing procedure (National Aeronautics and Space 

Administration, 2003). Acute and chronic stress can confound the testing procedure results, 

requiring additional methodology to monitor subject stress levels. This method will improve 

understanding of how CO2 concentration and testing configuration impact subject stress levels, 

and thereby productivity and performance. To monitor attributes of human stress, additional 

methods can be integrated into a human study, such as saliva collection through swabbing the 

inside of a subject’s mouth with a sterile cotton swab. The saliva can be plated and analyzed to 

monitor cortisol and alpha-amylase constituents throughout the experiment. Cortisol is a stress 

hormone, while alpha-amylase is a marker for adrenergic (relating to adrenal nerve) activity, 

although specificity of these indicators with respect to correlating the measurements with isolated 

environmental variables, such as CO2 exposures, has not yet been established and is the potential 

subject of future research. 

In addition, capturing physiological changes in human subjects could experience 

interference due to other qualitative factors affecting a subject’s ability to participate in the testing 

procedures. In order to better qualify physical, emotional, and mental health throughout the 

testing procedure, subjective questionnaires should be issued to each subject periodically 
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throughout an experiment to self-assess qualitative human health and well-being prior to, 

throughout, and following the experimental procedure, at the least. These questionnaires will 

assist in qualifying health effects that are not easily monitored electronically, such as headache 

and disorientation, while also identifying pre-existing health and well-being conditions. These 

qualitative, cognitive, salivary, and physiological testing strategies can be combined by future 

researchers whom may achieve a much more thorough understanding of the impacts of low-to-

moderate CO2 concentrations on human productivity and performance, eventually towards an 

understanding of the impacts on long term human health and well-being outcomes.  

Once these results of detriments to human productivity and performance determinants as 

a result of exposure to low-to-moderate CO2 concentrations are established, the question of how 

to solve the problem will arise. To ensure a solution is presented in tandem with the realization of 

a problem, amelioration methods should be tested within the same study. Several options are 

available for CO2 amelioration, including mechanical ventilation methods commonly installed 

within commercial buildings. However, alternative solutions exist for CO2 amelioration that may 

gain further credibility with further research. 

 

2.6 Potential Methods of Ameliorating Carbon Dioxide in Buildings 

Mechanical CO2 amelioration methods are the most widely used to reduce CO2 

concentrations in buildings today. By increasing the amount of outdoor air introduced to a 

building, interior CO2 concentration is reduced. This is the current state-of-the-art for the design 

of mechanical systems for commercial buildings, and is a primary de facto standard established 

by ASHRAE (American Society of Heating, Refrigerating, and Air-Conditioning Engineers, 

2013c). The process of introducing exterior air to the interior of a building is mechanically 

intensive due to the need to condition the outdoor air to meet indoor human comfort metrics. In 

the alternative to mechanical ventilation, a building may also be naturally ventilated according to 

ASHRAE standards, but the prevalence of natural ventilation is still limited within the 
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commercial building sector due to a variety of climates being undesirable for human comfort in 

buildings. 

 Several methods exist for the sequestration of CO2 within buildings, but the issue of 

disposal can be expensive and complicated. The potential to displace CO2 to the exterior of a 

building exists (Sherif & Knox, 2005), but does not resolve the rising ambient CO2 levels 

throughout the world that applies increasing pressure to ventilation requirements and human 

productivity and performance. The benefit to this displacement method would be the ability to 

remove CO2 from the interior of a building without having to introduce outdoor air and be 

required to condition the new air stream for human comfort indoors. Displacing interior CO2 to 

the exterior of a building has the additional potential to negatively impact the productivity and 

performance of individuals downstream from a building’s exhaust, but does not differ extensively 

from current mechanical ventilation practices. Due to these negative factors, pressure and 

temperature swing adsorption for CO2 displacement are not viable options for buildings. These 

systems are best suited for space stations and spacecraft, which have access to the vacuum of 

space for CO2 disposal. Long-term life on other planets, however, could benefit from the recycling 

of CO2 through the Carbon Cycle discussed in Section 2.2. 

 Plants present an opportunity to combine the cycling of CO2 through the Carbon Cycle 

while also delivering a host of other benefits to occupants. Foliage is able to harvest daylight and 

transfer the freely available energy to CO2 sequestration when provided with sufficient water, 

nutrients, and growing media (Moore, Clark, Stern, & Vodopich, 1994). Biophilia provides 

positive impacts to human health and well-being when the foliage is indoors with the occupants 

(Bakker & Voordt, 2010). Volatile organic compounds (VOCs) are not discussed in this thesis, but 

plants have been shown to ameliorate these toxic compounds as well (Wolverton & Wolverton, 

1992). In addition, some plants have been shown to reduce the prevalence of fungus (Smith, 1977) 

and mold (Wolverton & Wolverton, 1996). Plants can even be integrated into a building’s 

mechanical ventilation system to distribute reduced CO2 and improved air quality factors 

throughout the interior of a building (Llewellyn, Darlington, Dixon, & Mallany, 2000).  
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Some of the applications for plants within a building will not have access to daylight, or 

will require supplemental lighting to ensure the CO2 amelioration functionality of a such a 

photosynthetic remediation method is operating sufficiently for the human occupancy pattern of 

the building. The ability to provide electromagnetic radiation that generates the appropriate 

stimulation of photosynthetic activity ensures the appropriate efficacy of CO2 remediation in a 

building throughout all human occupancy patterns. When delivering electric sources of 

electromagnetic radiation to foliage in supplement to daylight or as the only source, CO2 

remediation will be directly reliant on quantity of delivered radiation, geometric configuration, 

radiation wavelength, delivery period, and diurnal schedule, to name a few. Human health and 

well-being can be impacted negatively by an electromagnetic radiation configuration best for 

foliage CO2 remediation due to hazards associated with the high levels of electromagnetic 

radiation, demanding a balance between foliage and human requirements in the form of 

operational and design parameters.  

 

2.6.1 Photosynthetic Carbon Dioxide Remediation: A Proposed Method for 

Improved Indoor Air Quality in Buildings 

 Photosynthetic CO2 sequestration processes within IAQ remediation approaches may 

benefit from foliage carbon fixation, with limited resources consumed in comparison to the the 

alternatives. The argument for utilization of photosynthetic processes to ameliorate indoor CO2 

concentrations is that by utilizing the functions of biological lifeforms, simpler requirements 

could be met with lower ecological impact. No heavy metals or pure gases are required. 

Furthermore, the byproduct is biodegradable plant matter and growing media. Future iterations 

of photosynthetic remediation methods may also benefit from research in food production as a 

byproduct of the photosynthetic CO2 sequestration method. 

 The plant chosen for the CASE’s photosynthetic system, the Active Modular 

Phytoremediation System (AMPS), is Epipremnum aureum (Golden Pothos). This plant was 
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chosen due to the range of beneficial characteristics including tolerance to a wide range of 

moisture and light levels and VOC remediation capacity (Wolverton & Wolverton, 1992). Golden 

Pothos will be the sole subject of analysis from the plant kingdom in this thesis, but alternatives 

have been shown to have higher or synergistic remediation capabilities such as an inverted 

diurnal remediation cycle (Lee & Kang, 2015). A recent study has quantified the daily CO2 

remediation rate specifically for Golden Pothos (Lee & Kang, 2015), permitting the quantification 

of the photosynthetic remediation method when applied to architectural systems. The results of 

this study are shown in Table 3. 

 

Table 3: Carbon Dioxide Remediation Rate of Some C3 and CAM Plants. CO2 

remediation of 70 ppm per 1,000 cm2 of Golden Pothos leaf area is indicated. This metric is a 

lynchpin to Section 5 when working towards a design calculation model for foliage-oriented 

CO2 amelioration strategies targeting improved human productivity and performance. The 

source literature does not include details on a number of controls, demanding validation of 

these figures and an update to the design calculation model in the future. Adapted from a prior 

publication (Lee & Kang, 2015). 

Plant Subject Species Name 
CO2 Remediation (ppm) per 

1,000 cm2 of Leaf Area 

Spathiphyllum spp. (IE: Peace Lilly) 94 

Epipremnum aureum (Golden Pothos) 70 

Hedera helix (English Ivy) 28 

Sanseviera trafaciata var. (Snake Plant) 52 

Notocactus leninghausii (Golden Ball) 66 

Myrtillocactus polylopha (Blueberry Cactus) 114 
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2.6.1.1 The Role of Photosynthetic Activity in Carbon Dioxide Remediation 

For the purposes of incorporating photosynthetic CO2 remediation processes into CO2 

amelioration strategies, the discrepancy between optimal lighting for foliage and the human 

optical system needs to be addressed at the outset. The needs of foliage photosynthetic processes 

differ from that of the human optical system.  This presents a complicating design factor for 

luminaire selection. With so many options available, the electromagnetic radiation delivery must 

be deftly matched to the geometries and circumstances of the intended building space 

requirements and programs. 

 

Figure 3: An Illustration of the Calvin Cycle. The primary contributor to CO2 

sequestration by foliage is the Calvin Cycle occurring within a chloroplast and driven by 

electromagnetic radiation, water, and nutrients (not shown) while producing sugars and 

eventually biomass as a byproduct (Moore, Clark, Stern, & Vodopich, 1994; reprinted with 

permission). 

 

 



18 
 

The Calvin Cycle is the critical function of foliage that contributes to CO2 sequestration 

via carbon fixation. Figure 3 illustrates utilization of electromagnetic radiation energy received 

and stored as adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate 

(NADPH), which are used to convert carbon dioxide and water to organic compounds, such as 

ribulose-1.5-bisphosphate carboxylase/oxygenase (RuBisCO), which is used to develop sugars and 

eventually foliage matter (Moore, Clark, Stern, & Vodopich, 1994). The Calvin cycle is a major CO2 

fixation pathway, and is found in all green plants and many autotrophic bacteria. This is a 

primary cycle that can be supported for AMPS foliage, maximizing the contribution to CO2 

amelioration. 

Unfortunately, absorptance of electromagnetic radiation by foliage does not necessarily 

translate to photosynthesis.  When a pigment in a leaf absorbs electromagnetic radiation the 

energy can be dissipated as heat, re-emitted immediately at a longer wavelength (fluorescence), or 

absorbed by chlorophyll molecules thus driving the photosynthetic process. In Figure 4, a variety 

of pigment contributors to photosynthesis are illustrated relative to electromagnetic radiation 

action spectra characteristics (Lodish et al., 2016). The “green bump” at approximately 540nm is 

represented, which is what gives leaves a green appearance to humans.  The absorption spectra 

are specific to the pigments indicated, as opposed to the entire plant structure. Although 680 nm 

may be appropriate for one or more pigments, other pigments may be neglected if additional 

energy is not provided at the appropriate wavelengths, which could have a negative impact on 

overall photosynthetic efficacy of the plant.  
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Figure 4: Foliage Pigments and Associated Absorption and Photochemical 

Efficiency. This figure illustrates the adsorption spectrum of C3 plant pigments chlorophyll-

a, chlorophyll-b, and β-Carotene in color, with an underlay of photosynthetic activity (the 

ability of a particular wavelength of electromagnetic radiation to stimulate photosynthesis) 

in black. More investigation is needed to identify the complete absorption spectrum of Golden 

Pothos plants to enable optimization of the CO2 remediation for that particular plant. Image 

from Molecular Cell Biology 8E, Copyright 2016 by W.H. Freeman and Company (Lodish et 

al., 2016; reprinted with permission). 

 

 

Plants are very diverse, so before qualifying a lighting strategy for a specific plant, 

research should be conducted to identify the pigments and requirements for optimization of CO2 

sequestration for that particular plant. This will enable the active targeting of pigments with an 

lighting hardware configuration, ensuring the highest yield of photosynthesis per photon 

delivered. Further research into the manipulation of wavelength, emission frequency, and timing 

effect on the growth characteristics of roots or leaves might expand the remediation capabilities of 

the foliage (Fankhauser & Chory, 1997; Kasperbauer, 1970). The timing of photon delivery has 
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been shown in some studies to produce more than 290% greater photosynthetic activity with a 1-

hour-on 15-minute-off continuous lighting cycle, with red and blue light-emitting diodes (LED’s) 

combined into a single delivery system (Harun, Ani, Ahmad, & Azmi, 2013). The increases in 

photosynthesis activity are expected to also increase CO2 sequestration rates, giving rise to future 

investigation potential in the utilization of this strategy for improved CO2 sequestration as an 

alternative to higher electromagnetic radiation constant emission delivery in human occupied 

spaces that would damage the human optical system. 

 

2.6.1.2 Visible, Ultraviolet, and Infra-Red Electromagnetic Radiation as a 

Primary Stimulus of Photosynthesis 

 Photosynthesis is primarily driven or suppressed by visible, ultraviolet (UV), and infrared 

(IR) electromagnetic radiation. Since the photosynthetic response of foliage can be effected 

outside of the visible range or at efficacies divergent from the human visual system, the typical 

luminous efficiency function utilized in architectural lighting design is insufficient when 

designing for foliage. The resulting values from the luminous efficiency spectral weighting 

function, when applied to electromagnetic radiation raw spectroradiometric data, are represented 

by lux and foot-candles. In Figure 5, the luminous efficiency spectral weighting function is 

illustrated (Commission Internationale de l’Éclairage, 1990). This weighting function is applied to 

the vast majority of lighting equipment. The luminous efficiency spectral weighting function 

represents the contribution of electromagnetic radiation emitted by a luminaire that is visible to 

humans at photopic lighting levels.  
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Figure 5: Luminous Efficiency Function for the Human Optical System at 

Photopic Lighting Levels. The typical luminous efficiency function that is applied to 

spectroradiometric data to produce design metrics that can be easily utilized in buildings for 

human-centric lighting design.  represents the relative human optical system response as a 

function of λ on the x-axis, which is the wavelength of electromagnetic radiation in 

nanometers (nm). This luminous efficiency function is thus derived from the human optical 

system’s response to electromagnetic radiation. If one attempts to convert the resulting lux or 

foot-candles from the application of this function to foliage photosynthetic activity functions, 

datum below approximately 400 nm and above approximately 700 nm is completely lost and 

represents inaccuracy. This image is in the public domain and developed from the CIE 1990 

standard (Commission Internationale de l’Éclairage, 1990).  

 

 

Conversion factors from the luminous efficiency function for the human optical system to 

foliage photosynthetic activity should not be used, as loss of data occurs due to foliage responding 

to electromagnetic radiation outside the range of the human optical system. Additional 

contributors to inaccuracy as a result of conversion metrics are varying sensor hardware 

imperfections between methodologies, variations between lighting sources within a category of 
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conversion factor when the factor is applied to a source type generally, as well as rounding-to-zero 

exercised by luminaire testing agencies when results are in a minor fractional range in 

comparison to other wavelengths. A substantial portion of data in respect to electromagnetic 

radiation contribution towards photosynthesis is thus completely lost. Therefore, to acquire 

relevant and accurate data in regards to a luminaire’s contribution to photosynthesis, an 

alternative metric to lux or foot-candle is required. 

One alternative methodology, photosynthetically active radiation (PAR), assumes 100% 

photosynthetic response between 400nm and 700nm. PAR also assumes zero photosynthetic 

response outside of this range. Within the 400 nm – 700 nm range, any space between the action 

spectrum for photosynthesis line and the top of the graph in Figure 4 represents error. Outside of 

the 400 – 700 nm range in the same figure, all area under the action spectrum for photosynthesis 

line is also error. PAR is represented by use of the photosynthetic photon flux density (PPFD) 

metric (µmol m-2s-1), which is a measure of quantitatively how many photosynthetically active 

photons fall upon a given surface each second. Due to the assumption that all photosynthetically 

active photons of wavelength 400 nm - 700 nm result in a perfect photosynthetic response, this 

metric is not advantageous for comparing between luminaires intended for stimulating 

photosynthesis in foliage, and can result in error in excess of 40%. A metric that associates a 

specific photon wavelength with the actual photosynthetic activity associated with that 

wavelength permits the comparison of traditional lighting sources such as metal halide with 

modern spectral-specific LED. 

Yield photon flux (YPF) fortunately weights photons in the range of 260nm through 

760nm according to foliage photosynthetic response to quantity of photons as well as the energy 

delivered per photon. Photons carry an amount of energy directly related to wavelength, and thus 

generate photosynthetic response in relationship to that energy, which is not represented by 

PPFD. This knowledge of photon energy specific to wavelength comes from Einstein’s explanation 

of the photoelectric effect, which won the Nobel Prize for Physics. YPF is thus energy-weighted, 

whereas PPFD is photon-weighted. Not all photons entering the foliage photosynthetic process 
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will yield equal amounts of photosynthesis, so PPFD will overestimate the contribution of lighting 

sources to photosynthesis even if PAR was weighted for photosynthetic response in relationship 

to quantity of photons.  

YPF is therefore the preferred metric for comparing between lighting sources, but 

manufacturers of lighting products do not typically indicate YPF on luminaire specifications. PAR 

is more commonly indicated due to the prevalent use of the metric throughout agriculture, and 

luminaires for plant growing being marketed specifically to those users. It is highly problematic 

within the context of these performance requirements that LED manufacturers accept the 

inaccurate option (PAR) at the expense of more accurate representations of the capabilities of 

products (YPF). In order to utilize the benefits of the YPF metric, the raw spectroradiometric data 

from a spectrophotometer is required, which is available from the manufacturer. One is then able 

to apply the appropriate weighting function(s) for the application. 

Current quantum sensors for both PPFD and YPF can produce error in excess of 18% 

(Barnes et al., 1993), and are the most inaccurate when measuring spectral-specific LED sources. 

PAR sensors are imperfect representations of photosynthetic activity. Therefore, the preferred 

method to acquire electromagnetic radiation data is the utilization of a spectroradiometer. The 

YPF weighting function should be applied to analyze electromagnetic radiation in situ. In the 

design process, raw spectroradiometric data can be obtained from the manufacturer. The YPF 

weighting function will obtain a more accurate representation of a luminaire’s contribution to 

photosynthesis and CO2 sequestration. In order to utilize the best possible electromagnetic 

configuration in the context of human-occupied spaces within buildings, the human optical 

system must next be weighted to define an appropriate photosynthetic stimulation method. 
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2.6.1.3 Potential Hazards to Human Health and Well-Being as a Result of 

Applying Only Foliage Electromagnetic Radiation Metrics to Lighting in 

Human-Occupied Spaces 

There are four main categories of lighting hazards for the human optical system according 

to the International Commission on Illumination’s (CIE’s) 62471:2006 standards (Commission 

Internationale de l’Éclairage, 2007) on human exposure limitations for ultraviolet (UV), blue 

light, thermal, and infra-red (IR) radiation. In addition to hazards to the human optical system, 

there are also UV and thermal hazards to the skin outlined in the standard. Spectral power 

distribution curves provided by manufacturers only analyze the wavelengths relevant for photopic 

human vision, and therefore are insufficient for evaluating the hazards of the CIE 62471:2006 

standard, with the exception of blue light hazard. A spectral power distribution curve that 

includes 200 nm through 1,400 nm is required for a complete analysis of all of the human 

exposure hazards outlined in the CIE 62471:2006 standards. 

The best way to illustrate a hazard is to use an example of a CO2 remediation technique in 

practice. A prior study utilized 350 µmol m-2s-1 PAR (Torpy, Irga, & Burchett, 2014), which 

provides high rates of CO2 remediation when compared against lower PAR levels. Metal halide 

lighting is a standard lighting source used in agricultural grow lighting systems, and will be the 

basis of the evaluation. Conversion factors have a large degree of inaccuracy, and so the estimates 

and calculations associated with conversion factors need to be updated with YPF data. A 

conversion factor of 71 is used to roughly convert PAR to lux (Thimijan & Royal, 1982), and this 

factor is applied with multiplication. Since the blue light hazard is within the visible range the 

visible spectrum metric, lux, will be referred to since calculations involving the visible spectra of 

electromagnetic radiation are far more developed. 

This results in approximately 24,850 lux across an AMPS façade. This is equivalent to 

direct sunlight levels, and results in a blue light hazard rating of approximately 10 Watts/m2, with 

the CIE standard requiring less than or equal to 1 Watt/m2. This illustrates a full tenfold breach of 



25 
 

the CIE blue light hazard standard. The maximum exposure time before damage to the human 

optical system is approximately ten seconds. This limitation is for small blue light sources 

subtending an angle of less than 0.011 radians (less than a degree). If metal halide sources will be 

overhead at a distance, the luminaires may appear as small light sources, falling into this 

category. If the metal halide sources are diffused in some way, then additional calculations will 

need to be conducted to ensure human optical system safety. 

As another example of hazards beyond the CIE standards, in Figure 6, a metal halide 

spectral power distribution curve is shown in blue beneath a human optical system’s circadian 

rhythm efficiency function (Figueiro, Rea, & Bullough, 2006). With the approximated value of 

24,850 lux, a circadian stimulus (CS) value of 0.69 of 0.70 is found with the calculation methods 

within the literature (Figueiro, Rea, & Bullough, 2006), illustrating an immediate circadian 

stimulus for human occupants. 

In commercial buildings, rooms are typically illuminated to 100 - 300 lux, and a sudden 

rise to 24,850 lux when coming around a corner can be startling, causing disability glare. The 

contrast ratio is roughly 1:82 at best, which is atypical of indoor spaces and results in optical 

system fatigue due to the human eye continuously adjusting from a brightly lit area or feature 

wall, to a relatively dimly lit office or classroom. Illumination standards recommend lighting 

levels in an office with computers to match screen luminance as closely as possible to maintain 

optical system performance and health, with a ratio of approximately 1:3 being desirable 

(DiLaura, Houser, Msitrick, & Steffy, 2011). This design consideration is retained throughout 

spaces the occupant might travel through frequently. The illustrated hazards and issues above 

necessitate a more thorough evaluation of where the benefit of CO2 remediation could be 

maximized, without temporarily or permanently damaging the human optical system or offsetting 

circadian rhythm. 
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Figure 6: Comparison of a Metal Halide Light Source to a Human Circadian 

Stimulus Efficiency Function. A circadian stimulus (CS) luminous efficiency function in 

red, and the spectral power distribution of a metal halide luminaire typical of occupied space 

illumination. If foliage is provided 24,800 lux of metal halide illumination to achieve 

exceptional CO2 remediation, a circadian stimulus value of 0.69 is represented, of a 

maximum 0.70. This value predicts an immediate circadian stimulus to any human occupant 

exposed to a lighting level of 24,800 lux of metal halide sourced illumination. This graph was 

produced with data adapted from prior literature (Figueiro, Rea, & Bullough, 2006). 

 

 

2.6.1.4 Recommendations Towards the Design of a Multi-Dimensional Luminous 

Efficiency Function to Balance Foliage Requirements for Carbon Dioxide 

Remediation and Human Exposure Limitations 

In order to balance the requirements of both foliage and humans, a multi-dimensional 

luminous efficiency function will be required. Instead of a single luminous efficiency function 

being appropriate at all times, particular efficiency functions would be employed at certain times 

of day. For example, if an office has occupation of 09:00 – 17:00, then in the morning a balance 

between foliage photosynthesis and human circadian rhythm may be achieved through tuned 

delivery of electromagnetic radiation peaking at 460 nm, potentially increasing CO2 remediation 
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while delivering CS. Later in the afternoon, plant photosynthesis may continue to be active by 

delivering electromagnetic radiation peaking at 680 nm, with minimal to no radiation at 460 nm, 

ensuring the human circadian rhythm is not activated while continuing to activate some CO2 

remediation. Program schedule, such as 24-hour occupation, can have a drastic impact on 

electromagnetic radiation spectral delivery scheduling, and can add yet another dimension to the 

proposed multi-dimensional luminous efficiency function. 

 

2.6.1.5 Limitations when Applying the Referenced Experimental Results in the 

Context of Enclosed Buildings 

There are three major gaps in information within the literature where improvements in 

CO2 remediation could possibly be made. The first gap is due to the lack of CO2 remediation data 

specifically on Epipremnum aureum (Golden Pothos), which is the plant central to AMPS 

installations and experiments. The second gap can be resolved with an in depth analysis of 

Golden Pothos CO2 remediation at a variety of electromagnetic radiation delivery intensities, 

instead of just very low (10 µmol m-2s-1 PAR) and very high (350 µmol m-2s-1 PAR). The third gap 

can be resolved with the investigation of varying spectral wavelength parameters (wavelength, 

emitter frequency, timing over a diurnal cycle, timing of delivery configurations in opposition to 

one another, etc.) to improve CO2 remediation in Golden Pothos. Further research into these 

areas will inform additional developments of the multi-dimensional luminous efficiency function 

necessary in the context of buildings. 
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3. CONTEXT AND PRECEDENTS 

3.1 Introduction 

Attempts to characterize the impact of CO2 concentrations issues inside buildings have 

been largely ineffective, with CO2 primarily being utilized as a marker for other issues rather than 

being treated as a toxic. When major CO2 concentration issues are identified, ineffective strategies 

are often employed. As an initial attempt with brute force, mechanical circulation techniques 

employed in architecture are energy intensive, and are assumed to resolve the full extent of CO2 

concentration concerns. Mechanical filters are ineffective at capturing or sequestering CO2, due to 

the compounds’ very small size relative to particulate matter which mechanical filtration is 

intended to capture (Masuda, Kugimiya, Murai, Hayashi, & Kato, 2013). HEPA filters, for 

example, can only capture particles of 300 micrometers or greater size (White, 2009), whereas 

CO2 is only 0.00065 micrometers. Therefore, a more capable solution in commercial buildings for 

low-to-moderate CO2 concentration amelioration must be identified. 

 

3.2 Establishing an Indoor Carbon Dioxide Amelioration Framework in the 

Context of Human-Occupied Enclosed Buildings 

Human exposure to low-to-moderate CO2 concentrations has been established as a greater 

concern indoors, and many buildings have 24-hour occupancy cycles which challenge the ability 

to provide reduced CO2 concentrations with photosynthetic methods. Foliage is not able to 

operate as a CO2 ameliorator on full 24-hour cycles. In fact, foliage releases CO2 during 

approximately half of the diurnal cycle, which can create an even worse CO2 concentration in 

buildings for night shift workers if the foliage is illuminated purely according to typical solar 

schedules and no diversity in foliage circadian rhythm is provided that would counteract this 

effect (Lee & Kang, 2015). 
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 The resulting impact to night shift workers such as emergency response personnel within 

larger scale full building systems, for example, could be severe due to the resulting reduction to 

human productivity and performance such as cognitive function and decision-making (Allen et 

al., 2015; Satish et al., 2012). Therefore, the quantification of these effects needs to be addressed 

in the design so that methods for ensuring efficacious CO2 remediation around-the-clock can be 

developed. This thesis aims to provide the necessary foundation with which indoor 

photosynthetic CO2 remediation design decisions can be informed, evaluated, and impressed 

upon currently operating and future air handling systems. To enable quantification and 

calculation of the variables effecting the design of these systems, several precedent monitoring 

systems can be further developed to fit within the economic and functional requirements of 

buildings. 

 

3.3 Precedent Indoor Carbon Dioxide Monitoring Systems 

Examples of precedent indoor CO2 monitoring that relate to indoor spaces within buildings 

are National Aeronautics and Space Administration (NASA) developments in closed loop ecology 

research utilized to moderate behaviors of environmental controls in tandem with photosynthetic 

CO2 remediation methods. An example of closed-loop ecology research implementations by NASA 

is the International Space Station (ISS). By developing a feedback loop made possible with a CO2 

monitoring system, as is the case on the ISS, automated moderation and modulation of 

photosynthetic systems becomes possible. Machine learning is an option, and can be developed 

from precedent study results while the algorithm can be further tuned with new live data on CO2 

concentration within the building to enable adaptive response to varying occupancy patterns.  

 Continuous CO2 monitoring techniques are widely used in critical closed-loop ventilation 

environments such as submarines, space stations, and spacecraft (Christianson, Sokol, & Bethea, 

1965; Huebner, Eaton, & Chaudet, 1966). The ISS measures CO2 primarily by use of a major 

constituent analyzer (MCA), which is a mass spectrometer with multiple tubes and valves that 

permit air samples to be taken from multiple locations throughout the vessel (National 
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Aeronautics and Space Administration, 2010). Although this provides continuous monitoring, the 

cost of a mass spectrometer is an economic barrier to use in buildings. Due the larger size of most 

commercial buildings, the tube sampling method is less effective as much longer periods of time 

to acquire air samples, or more robust tubing for air samples would be required. This is due to the 

time required to flush any given tube with a new air sample. Furthermore, installing sampling 

tubes throughout a building to a single location would incur additional infrastructure and 

installation costs that continue to compound economic feasibility issues. 

The ISS also measures CO2 concentrations by use of a carbon dioxide monitoring kit 

(CDMK), which is an infra-red probe that must be retrieved and placed by personnel whenever 

CO2 issues are suspected (National Aeronautics and Space Administration, 2010). The issue with 

this method is that the human occupant must have already been exposed to potentially hazardous 

levels of CO2 before the issue is recognized and evaluated. Furthermore, individuals are required 

to enter the location again to install the device, despite acknowledgement of problematic CO2 

concentrations in the area. Data must then be downloaded to a laptop for evaluation. This method 

is time consuming, there is no early-warning capability, and individual health and well-being is 

put at risk to identify issues with CO2 concentrations. 

 NASA is currently investigating personal wearable CO2 monitors, which would resolve 

concerns about time investment, early-warning system availability, infrastructure cost, and 

personnel safety (Simon, 2015). Although the details of the technology being considered are not 

available in the public announcement, durable, low-profile, light-weight, and comfortable CO2 

monitors will be required. These wearable systems are supported for use in space stations to 

ensure the safety of personnel above all else, and buildings could benefit from early adoption of 

this research. Instead of static CO2 monitors with networks of tubes, several individuals 

throughout a building equipped with CO2 monitors would provide a mesh of geometrically and 

temporally distributed data on CO2 concentrations throughout a building. 

 Air sample bags are another generally accepted method of air sampling when 

investigating potential air quality issues in buildings (Apol, Cook, & Lawrence, 1966). Industrial 
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areas producing or using carbon dioxide can be monitored with this method (Smith & Pierce, 

1970), for example, and air sampling bags for single location measurements have gained 

acceptance in the scientific community for retaining the composition of an air sample up to 24 

hours, allowing for transportation to an appropriate processing facility. Unfortunately, only a 

single point of data is available from each sample gathered. This method does not determine 

exposure levels for human occupants at various times of day or when a variety of industrial or 

outdoor conditions are in effect throughout the year, without considerable effort, time, and cost. 

This process also requires a gas chromatographer, mass spectrometer, or similar apparatus that is 

large, expensive, and time consuming to process air samples with. 

 NOAA provides the principal precedent for Earthly CO2 monitoring techniques by 

analyzing CO2 concentrations world-wide. The global installation locations utilize an infra-red 

absorption technique to identify CO2 concentrations in air samples collected from outdoor air 

streams (Tans & Thoning, 2008). The sensors are calibrated every hour automatically with a 

series of valves and tubes that interrupt the air sample stream and redirect to each of three 

different calibration gases. Individually, three calibration points are established for the CO2 

monitor, every hour. Calibration gases are unfortunately dry, but outdoor air sample streams 

contain moisture. Water can absorb infra-red light and confound the detector readings, so the 

outdoor air sample stream is freeze-dried to remove moisture from the air sample before being 

admitted to the detector. These processes represent substantial equipment and cost, but human 

intervention time is minimal due to automated calibration of the CO2 detector and supplies for 

the procedure available on-site. 

 With more recent continuous monitoring devices available in original equipment 

manufacturer (OEM) format at small sizes and lower costs, field applications for continuous 

monitoring of CO2 have become ripe for research and development. Prior studies have evaluated 

and validated the use of electrochemical sensors for air quality monitoring (Massachusetts 

Institute of Technology, 2016; Mead et al., 2013), providing a solid foundation for use of this 

technology within buildings. Further design evaluations with the proposed distributed method 
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are required in the context of buildings to investigate the potential for reduced costs of a tubing 

network for these smaller and more economically feasible sensors targeting particular air 

constituents. 

 

3.4 Precedent Photosynthetic Indoor Carbon-Dioxide Remediation Systems 

Photosynthesis provides an opportunity to harness a natural process occurring in plants for 

the benefit of building occupants. However, depending on the design configuration, foliage could 

require a substantial or minimal maintenance protocol. Several precedent installations have 

provided a foundation for further development. The most traditional form of including plants 

within buildings is potted plants, but the full benefit of the plant is not acquired for human 

occupants. Furthermore, conventional potting soil often exacerbates indoor air quality problems 

associated with mold spores, particularly within humid climates. Alteration to the design 

methodology for plants in buildings is required, and utilizing more advanced building-integrated 

methodologies substantially improve benefits for human occupants. The plants could  support life 

in life safety circumstances where the building is cut off from exterior air streams. Plants could 

also improve occupant productivity and performance by lowering CO2 concentrations throughout 

a building. These benefits could be obtained through integration of methodologies that have 

developed as a result of these precedent installations. 

 

3.4.1 Passive Photosynthetic Indoor Carbon Dioxide Remediation Systems 

Photosynthetic CO2 remediation strategies in buildings are largely passive (Back Jr., 2005; 

Blanc & Lalot, 2008; Cooper, 2003), not integrated with a building’s heating, ventilation, and air 

conditioning (HVAC) system for circulation. Some photosynthetic processes have been evaluated 

for CO2 remediation rates in a passive configuration, with the highest performing Howea 

forsteriana becc. (Kentia Palm) ameliorating 5.21 mg/m2 leaf area/h, when exposed to ten 

micromole per meter squared per second PAR (Torpy, Irga, & Burchett, 2014). This could equate 
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to roughly 700 lux of metal halide source illumination, which is higher than typical office spaces 

illuminated to 100 - 300 lux. 700 lux is reasonably achieved in buildings however, while 

maintaining human comfort and optical system safety. A typical human sitting at a desk will 

generate approximately 36.5 grams of CO2 per hour (Dougan & Damiano, 2004), which is 

calculated from values in the literature with equations outlined in Section 5. Therefore, 

approximately 7,000 plants per person would be required if the plants contributed eight hours of 

CO2 remediation per day at the rates represented by the referenced study.  

 With such high foliage quantity requirements at a low lighting level of 700 lux, alternative 

configurations will be required to achieve economic and special constraints of buildings. A higher 

lighting level reviewed in the study is 350 micromole per meter squared per second PAR (Torpy, 

Irga, & Burchett, 2014). In this configuration, Dypsis lutescens (Butterfly Palm) performed the best, 

ameliorating 657 mg/m2 leaf area/h and would reduce the required number of plants to ~55, when 

assuming an 8-hour CO2 remediation cycle for each plant. This is more achievable in the context of 

buildings, but the issue is that such high lighting levels are not feasible in human-occupied spaces 

due to the negative impacts on human health and well-being, including optical hazards, 

uncontrolled CS, and disability glare.  Therefore, a passive configuration is not a viable option since 

plants in rooms with human occupants would not permit the appropriate lighting strategy for 

maximizing CO2 remediation. In addition, the costs of lighting foliage and creating substantial heat 

load for HVAC systems would be prohibitive for most applications. 

 

3.4.2 Active Photosynthetic Systems for Remediation of Indoor Carbon Dioxide 

Photosynthetic CO2 remediation has been integrated with air circulation methods in the 

past. This strategy was primarily developed to take advantage of the plant root rhizosphere’s 

effectiveness at remediating air toxics such as VOCs, which has been claimed to over two hundred 

times better than that of a passive plant configuration (National Aeronautics and Space 

Administration, 1989). Unfortunately, each plant has the active air circulation component such as 
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a fan integrated within the plant pot. In the context of CO2 remediation, this configuration does not 

differ vastly from that of passive systems, because focus is on the remediation of VOCs through the 

root rhizosphere. Microbes within the root rhizosphere will result in further production of CO2 due 

to respiration, which in turn needs to be studies within the context of such aero-hydropronic 

system, as studies within forests have shown that soil respiration increases as the levels of CO2 rise 

within ecosystems. Therefore, the tradeoffs between potential degradation of VOCs by microbial 

activity need to be measured and evaluated relative to the balance of CO2 levels within the system. 

Through collaborations with microbiologists, this area of inquiry can be investigated to identify the 

contributions of rhizosphere microbiology to CO2 remediation. This future research will enable the 

quantification of net CO2 remediation when plant systems including the root rhizospheres are 

exposed to an air stream and evaluated for remediation of various toxics, including selected VOCs 

in tandem with CO2 remediation. 

 

3.4.3 Building-Integrated Active Photosynthetic Indoor Carbon Dioxide 

Remediation Systems 

The costs of passive and active systems can be drastically reduced if the plants are merged 

into a single system with a building-wide distribution of air streams that are treated by the plant 

and associated microbiomes. Multiple plants can benefit from any single luminaire, and daylight 

harvesting becomes an option to reduce costs associated with producing CO2 remediation activity. 

In addition, through such distribution methods, such as JVAC integration, more building occupants 

could be exposed to the air stream. Furthermore, in terms of required illumination, an array of 

plants that is exposed to an exterior façade, for example, would permit the harvesting of solar 

energy to power the photosynthetic process without substantial lighting hardware and associated 

energy consumption. However, the energy benefits due to reduced electrical lighting requirements 

need to be carefully weighed within a whole building energy model, against the potential problem 

of unwanted solar heat gains within the interior, which can in turn drive up the energy consumption 

of the building cooling system if the thermal gain is not controlled in some manner. Supplemental 
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lighting improves the functionality of the photosynthetic process on dimly-sunlit days. 

Recirculation of air flow throughout the building would distribute CO2 remediation  while 

maintaining occupant view to the outdoors. 

Plant-based bioremediation strategies have been integrated with building HVAC in the past 

as well, to expand the capacity of bioremediation beyond the room installed within (Darlington, 

Chan, Malloch, Pilger, & Dixon, 2000; Henn, Hoffman, & Biggart, 2013). Many existing 

bioremediation strategies, however, are more prone to mold and fungus growth due to multiple 

layered non-biodegradable matts which host root growth of plants in a vertical configuration, due 

to retained and standing water with nutrients. This configuration is also uncontrolled for root 

growth, resulting in changes to pressure drop for building HVAC over time, demanding plant facade 

replacements or modifications annually to compensate. 

 

3.4.4 Building-Integrated Active Modular Photosynthetic Indoor Carbon Dioxide 

Remediation Systems 

The Active Modular Phytoremediation System (AMPS) is utilized by CASE at RPI for multi-

faceted IAQ toxic remediation with architecturally integrated environmental controls. AMPS is a 

potential replacement to existing mechanical filtration methods and introduction of outdoor air to 

interior spaces. Typical building HVAC systems required for modifying outdoor air for use indoors 

consumes the majority of energy expended by the mechanical systems.  If air change requirements 

could be reduced with photosynthetic CO2 remediation, substantial energy savings could be 

realized, while providing a solution to poor IAQ that occupants of buildings are exposed to 

worldwide. The oxide cycle exemplifies diurnal and annual cycles involving air stream constiuents 

such as CO2, O3, and VOCs (Mayer, 1999), which could be averted by ensuring favorable 

remediation conditions prior to an expected rift. The limiting factor for AMPS in the context of CO2 

remediation is a requirement for higher surface-area-to-leaf-area ratio. This is due to the additional 

hardware required for modularity and a primary focus on VOC adsorption and remediation, 
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resulting in less foliage leaf area in the system per square meter of façade (whether vertical or 

horizontal) when compared to precedent building-integrated photosynthesis systems. 

 

3.4.5 Analysis of Precedent Photosynthetic Carbon Dioxide Remediation Systems 

 In all of these attempts, lighting cycles are not considered, which could overlap several 

plant circadian rhythms, ensuring peak effectiveness in buildings even when challenged with 24-

hour occupancy cycles. AMPS provides the ability to encapsulate plants within individual 

modules, enabling independent control of each plant’s circadian rhythm. Although research 

supports that certain plants are associated with greater efficacy at remediating air constiuents 

such as undesirable CO2 and VOCs (Lee & Kang, 2015; National Aeronautics and Space 

Administration, 1989), the lack of modularity in precedent CO2 remediation methods limits the 

ability to provide a configuration for optimized plant selection at different times of day or year. 

The additional functionality of overlapping circadian rhythm and diversity of plant selections 

would improve the functionality of AMPS dramatically, adapting to dynamic air quality 

conditions observed in the air stream, which can vary substantially according to the 

interrelationships between season changes, diurnal cycles and patterns of occupation (Mayer, 

1999).  

 In this work, a new sensor network design is proposed to monitor indoor concentrations of 

several air constituents, such that data could be cross-linked in real-time to evaluate the co-

relationships between factors such as human, botanical and microbiological biometrics, 

electromagnetic radiation delivery, and IAQ. This thesis will specifically explore the CO2 

remediation potential of AMPS within a room-scale demonstration of the equipment. This test is 

intended to initiate the validation process of the multiple intended functions and, in particular, to 

provide informing feedback loop algorithms necessary for machine learning. The test is also 

intended to demonstrate AMPS’ potential to adapt to dynamic environments, in this case towards 

the improvement of CO2 remediation capabilities.  
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4. METHOD: DESIGN AND DEVELOPMENT OF AN INDOOR DISTRIBUTED 

WIRELESS SENSOR NETWORK 

4.1 Objective and Motivation 

There remains a large gap of information present with respect to the implications of indoor 

CO2 concentrations on long term human health, well-being, productivity, and performance 

(collectively referred to as human factors henceforth). The aim of the indoor distributed wireless 

sensor network (IDWSN), designed and produced as a project for this thesis, is to continuously 

monitor indoor CO2 concentrations and store the data for concurrent analysis with human 

biometric and performance data. The IDWSN has been designed also to monitor several other 

primary and secondary air quality pollutants, broadly facilitating research in the general IAQ field 

of inquiry. The IDWSN is also intended for extensive, fine-grained monitoring of a given building, 

to best reveal the interrelationships among IAQ constituents and human factors, as well as ways 

in which the modulation of photosynthetic remediation techniques might improve IAQ.  

If the IDWSN conforms to appropriate monitoring standards, then the data acquired will 

be more easily assimilated by the scientific community. A more thorough and reliable analysis of 

individual exposure to elevated CO2 concentrations within the context of total indoor and outdoor 

exposure could be conducted with the availability of new indoor CO2 concentration data streams, 

and appropriate interventions could be further qualified and acted upon. Although this thesis will 

only focus on the data and results associated with CO2, the IDWSN supports several additional 

research investigations at CASE, including but not limited to psychrometric profile and air quality 

investigations in conjunction with a network of air quality and material testing frameworks. A 

sample of projects currently integrating the IDWSN at CASE into a multi-scalar integrated testing 

framework that includes a desiccant chamber conforming to the ASHRAE 139 desiccant testing 

standard, a steady state chamber, an extended airflow chamber simulating particular HVAC 

conditions, fractional-scale chambers, full-scale chamber testbeds, full-scale buildings, and 

regional air quality sensor networks. 
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Due to the wide variety of applications in research investigations for the IDWSN and the 

geographic distance between investigations, an operational framework which consolidates data in 

a single database over the internet is necessary to ensure that data from any investigation with the 

IDWSN can be accessed with a standardized method. Adaptive user operation of this framework 

may be required in high security buildings that do not permit direct connections with the internet 

by utilities such as sensor networks, so utilities to permit the retroactive addition of datasets will 

ensure that all available data sources can be merged into a central database. Furthermore, the 

centralization of data within a database will permit ease of distribution to collaborators when 

investigators are prepared to share data and results with others. 

Once a central database is established, future research can establish evaluation 

methodologies and algorithms to combine the analysis of new indoor human CO2 exposure data 

with other available data involving outdoor human exposure to CO2. The majority of individuals 

within the United States spending more than 90% of their time indoors (United States 

Environmental Protection Agency, 1992).  this thesis will focus specifically on indoor human 

exposures and will omit consideration of the remaining outdoor exposure to CO2. 

 

4.2 Evaluation of Carbon Dioxide Concentrations and Moderation of 

Photosynthetic Methods of Carbon Dioxide Remediation 

The intended scope of IDWSN CO2 monitoring is that of a full building sensor network with 

the future ability to merge the real-time acquisition of new indoor CO2 concentration data with 

existing outdoor CO2 concentration data. “Full building” refers to the monitoring of CO2 

concentrations throughout enclosed and occupied spaces of any building. When utilizing the 

IDWSN, moderation and modulation of a photosynthetic remediation method will become 

possible, enabling reduction of CO2 concentrations indoors when negative human factor impacts 

may have otherwise occurred. Occupants will then be able to monitor the effect of photosynthetic 

interventions on environments when provided with computer or smartphone application 

database integration. This process has the potential to change the way in which individuals and 
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groups make decisions with respect to environments since they would have the ability to 

understand ways in which their own decisions impacted CO2 concentrations. CO2 is often not a 

recognized or considered metric due to an invisible and odorless presence. To reach this level of 

ecological, technological, and human factors impact, it is necessary for buildings to be equipped 

with an IDWSN to permit continuous CO2 monitoring, analysis, and actuation of interventions 

such as photosynthetic CO2 remediation. 

 

4.2.1 “It Takes a Village:” Team Recruitment, Management, and Leadership for 

the Development of an Indoor Distributed Wireless Sensor Network 

 

“It Takes a Village to Raise a Child.” 

-Traditional African Proverb 

 

 

 To ensure that the development of the IDWSN met CASE timeline goals, project 

management strategies were developed first to establish the roles required to accelerate the 

process. Scopes were defined for the purposes of ensuring that each team and team member knew 

the boundaries of their contributions, but also could easily understand how and when they would 

need to interface with other teams working on related scopes. This structure also permitted more 

valuable contributions within a tightly defined project scope. Opportunities for integration of 

scope within the context of existing courses with open-ended final project options were identified. 

The author participated as a student in potential course integrations to establish an 

understanding of course requirement, and recruited a team while a student of the class to work on 

the IDWSN. After the author completed the course, a continued relationship with faculty and 

students facilitated future final project opportunities\ for students of the same courses in future 

years. The author was responsible for presenting topic options to each class, and the students 

chose their course’s final project to be that of the presented topic option. In addition, the author 
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developed independent study opportunities for students interested in continuing their 

participation in the research. The independent study structure also facilitated the involvement of 

students who wished to participate after learning of other students’ positive experiences. 

Continuous support and guidance was provided by the author in the form of engineering, 

mentoring, financing of some components and tools, and facilitating team collaborations across 

defined scopes. 

Generally, the scope for each team was flexible, being guided primarily by the interests of 

the individuals while remaining within the boundaries of IDWSN development. The opportunity 

for the student teams to direct their scopes within the confines of course requirements and 

IDWSN development permitted each individual to contribute to his or her greatest potential. In 

addition, a self-directed atmosphere with conservative scope definitions enabled students to 

challenge themselves by planning extensions beyond their defined scopes. This strategy fostered 

student efforts to achieve as much as possible with the IDWSN for individual educational benefit. 

Figure 7 illustrates the contribution of each team to the IDWSN development. All team members 

from the School of Engineering were recruited by the author and overseen by the corresponding 

course faculty. Students from the School of Engineering were not required to participate in 

IDWSN development. CASE also hired graduate engineers from the author’s recruits from the 

School of Engineering to continue development of the IDWSN after their graduation date due to 

their exceptional performance during their coursework. 

All teams were required to create reports within the context of a larger team structure. 

This ensured that all code and design development documents are written in a manner that new 

team members could more easily understand. The majority of team participants changed each 

semester, but the established structure ensured seamless transitions from one group of 

individuals to another. New scopes developed as precedent scopes were fulfilled, opening new 

frontiers for additional team members. Individuals associated with each of the scope definitions, 

and the time period in which they made these contributions, are illustrated in Figure 8. Without 

the contributions of these team members, the development of these systems would have taken 
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several additional years to complete. Their dedication, perseverance, diligence, and material 

contribution to the development of the IDWSN cannot be overstated. 

 

Figure 7: Scope Definitions for the Indoor Distributed Wireless Sensor Network 

Transdisciplinary Development Team. Definition of the scope for each group 

collaborating on the development of the IDWSN. The author established and maintained 

these definitions, while facilitating collaboration amongst the groups to develop a single 

cohesive team. 
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Figure 8: Team Members of the Indoor Distributed Wireless Sensor Network 

Transdisciplinary Development. Individuals associated with each scope definition from 

Figure 7 are shown. Recruitment and team leadership by the author is illustrated as the 

primary driver of the IDWSN development for this thesis. 
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4.3 Three Primary Component Types Form the Indoor Distributed Wireless 

Sensor Network: Sensor Nodes, Base Stations, and Database 

A given commercial building could require several sensor nodes, distributed throughout 

the building, to monitor the air volume’s constituents adequately. To reduce infrastructure costs 

of communication wiring and tubing, an indoor distributed wireless sensor network is proposed. 

This method is intended to improve the economic feasibility of the proposed system by 

eliminating the hardware, installation, and administrative costs of the additional communications 

infrastructure that would otherwise be required. 

In this context, “Wireless” is the means by which the components of the system will 

communicate with one another within a building. “Sensor” refers to any device that is able to 

collect data on a constituent of the air stream, within a building’s occupied space. “Network” 

refers to the interconnection of the three primary component types both within and beyond the 

confines of a building. Although the communication methodology between sensor nodes and base 

stations would be wireless, base stations could be connected to the internet by either wireless or 

wired methods to populate the database. Individuals would then be able to access this database 

with a number of tools, giving them the ability to visualize the data or download raw data directly. 

Before discussing the individual primary components and their devices, a nomenclature 

for identifying each device is established in Table 4. This nomenclature will identify and label 

each and every component of the IDWSN. Not all components are listed within this nomenclature 

definition table; this is a general reference table for the identification code format. Complete 

device specifications and their identification codes are outlined in the associated component 

Sections. 
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Table 4: The Indoor Distributed Wireless Sensor Network Component Device 

Identification Code Format. The format with which all devices of the IDWSN components 

will be identified. At a minimum, the fields in bold are required to identify any particular device 

and the association it has to the IDWSN. Extensions are therefore not a required field, but when 

used indicates an item that supports the functionality of the device to which the extension 

identification code is attached. An example is provided in grey. 

__AQ__ - __ES__ - __NO__ - __SC__ 

Component 

 

 Device Type 

 

 Constituent 

 

 Extensions 

 

AQ 

(AQSN) 

 C 

(Control) 

 CO2 

 

 B 

(Breakout) 

PP 

(PPSN) 

 D 

(Device) 

 CO 

 

 SA 

(Signal Amplifier) 

BS 

(Base Station) 

 ES 

(Electrochemical Sensor) 

 CH2O 

 

 SC 

(Support Circuit) 

 

 NDIR 

(Non-Dispersive  

Infra-Red Detector) 

 
NO 

 

 
TB 

(Transmitter Board) 

 
 OPC 

(Optical Particle Counter) 

 NO2 

 

 
 

 
 M 

(Microcontroller) 

 O2 

 

 
 

 
 PID 

(Photo-Ionization Detector) 

 O3 

 

 
 

 
 S 

(Sensor, Other) 

 Etc. 
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4.4 First Component: Acquiring Air Quality Data with Sensor Nodes 

An Air Quality Sensor Node (AQSN) was developed for this thesis to establish monitoring 

of CO2 concentrations indoors, while simultaneously characterizing a broad range of EPA criteria 

and secondary air quality pollutants for parallel graduate studies and research at CASE. The 

AQSN was developed with an understanding that the dry bulb temperature, wet bulb 

temperature, relative humidity, and barometric pressure (collectively referred to as the 

psychrometric profile henceforth) of a building’s indoor air could cause the acquired CO2 

concentration readings. CO2 concentration is analyzed by a nondispersive infrared methodology 

in which the CO2 absorbs infrared radiation and the sensor detects a resulting decline in infrared 

transmittance. Unfortunately, other constituents such as water vapor can also absorb infrared 

radiation, requiring correction of the raw data according to absolute humidity levels. Therefore, 

psychrometric characterization of the air stream before it is analyzed by the CO2 NDIR sensor 

enables corrective calculations to be applied. An alternative to correcting sensor readings by 

psychrometric data is the freeze-drying of each air sample (Tans & Thoning, 2008).  

Monitoring the psychrometric profile within the AQSN also records the operating 

conditions of the sensors, which contribute to sensor accuracy as well. The operating conditions of 

the sensors do not have as critical an impact on the acquisition of accurate readings, however, and 

thus stringent ASHRAE standards are suspected to not be as pressing. Since the psychrometric 

characteristics of an air stream can change after it enters an air sample tube, psychrometric 

profile sensors should be located immediately before the air sample is introduced to the AQSN. In 

addition, psychrometric profile sensors should be located within the building’s occupied space to 

link AQSN sensor psychrometric profiles and concurrent CO2 concentrations, permitting more 

accurate correction of sensor readings as necessary. Since the AQSN is sensitive to psychrometric 

profile, a psychrometric profile sensor node (PPSN) was also developed as part of this thesis, and 

is outlined in Section 4.4.2. With the PPSN supporting the acquisition of accurate CO2 

concentration data, the AQSN was designed in tandem with PPSN development. 
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4.4.1.1 Conceptual Design of the Air Quality Sensor Node for Simultaneous Data 

Acquisition of Indoor Air Quality Constituents, with a Focus on Carbon 

Dioxide 

The first and perhaps most important component of the IDWSN system is the air quality 

sensor node (AQSN), which measures a broad range of air stream constituents including a 

number of EPA criteria and secondary air quality pollutants, as well as CO2 concentration.  The 

additional constituents of an air stream to be monitored with the AQSN were selected following 

review of the U.S. EPA criteria and secondary air quality pollutants that may be found in 

buildings as a result of infiltration into indoor air streams despite outdoor origins. The range of 

constituent targets will permit the comparison of IAQ with outdoor air quality data (referred to as 

ambient air quality, or AAQ) for future investigations and will assist in the validation of existing 

models and assumptions. A comprehensive list of all AQSN component specifications resulting 

from the research is available in Appendix 1. 

The sensors within the AQSN need to be capable of detecting threshold life safety limits of 

CO2 for safety reasons, and they should also be able to detect trace variations to ensure that 

contributions to CO2 amelioration from photosynthetic remediation methods can be detected 

accurately. Although the sensor hardware is not the only factor effecting the accuracy of gathered 

data, Table 5 provides a breakdown of sensor accuracy for each AQSN sensor. Electronic circuit 

noise, for example, contributes additional error, and to correct for this, noise abatement strategies 

were developed to ensure the minimization of noise in sensor readings. 

 

 

 

 

  



47 
 

Table 5: Air Quality Sensor Node Accuracy Summary. This table summarizes the 

accuracy of each AQSN sensor specification outlined in Appendix 1, as published by the 

respective manufacturers. The accuracy requirements of the sensors are indicated as footnotes 

and have been obtained from air quality monitoring regulations. All regulations identified for 

each sensor have been met or exceeded by the AQSN sensors.

ID Code 
Sensor 

Description 

Accuracy 

(ppm) 

Range 

(ppm) 

Standard 

(ppm) 

AQ-ES-CO2 
Carbon Dioxide 

(CO2) 
10 to 50 600 - 1000 70 (1) 

AQ-ES-CO 
Carbon Monoxide 

(CO) 
< 0.010 

7 - 11 1.5 (2) 

20 – 30 2.0 (2) 

25 - 45 3.0 (2) 

AQ-ES-CH2O 

[FUTURE]  

Formaldehyde 

(CH2O) 

0.010 0.0 – 3.0 0.016 (3) 

AQ-ES-NO 
Nitric Oxide  

(NO) 
< 0.010 

0.0 – 75 

(Span 1.0) 

0.02 

(2% of Span (4)) 

AQ-ES-NO2 
Nitrogen Dioxide 

(NO2) 
< 0.012 

0.02 – 0.08 0.02 (2) 

0.10 – 0.20 0.02 (2) 

0.25+ 0.03 (2) 

AQ-ES-O2 
Oxygen  

(O2) 
< 1,000 0 – 250,000 1,000 (5) 

     

                                                             
1 (Building Energy Efficiency Standards for Residential and Nonresidential Buildings, 2016) 

2 (Unsupported source type (Case) for source Tes10.) 

3 (Unsupported source type (Case) for source Sam15.) 

4 (Unsupported source type (Case) for source App15.) 

5 (National Institute for Occupational Safety and Health, 1994) 
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ID Code 
Sensor 

Description 

Accuracy 

(ppm) 

Range 

(ppm) 

Standard 

(ppm) 

AQ-ES-O3 
Ozone  

(O3) 
< 0.0040 

0.06 - 0.10 0.02 (2) 

0.15 - 0.25 0.03 (2) 

0.35 - 0.46 0.04 (2) 

AQ-OPC-PM 

[FUTURE]  

Particulate Matter 

(PM) 

Not 

Documented 

1.0  

(micron) 

No U.S.A. 

Regulation 

Not 

Documented 

2.5  

(micron) 

3 – 200 (2) 

(μg / m3) 

Not 

Integrated 

5.0  

(micron) 

3 – 200 (2) 

(μg / m3) 

0.01 – 1,500  

(μg / m3) 

10  

(micron) 

15 – 300 (2) 

(μg / m3) 

AQ-ES-SO2 
Sulfur Dioxide  

(SO2) 
< 0.01 

0.02 - 0.05 0.02 (2) 

0.10 - 0.15 0.03 (2) 

0.30 – 0.50 0.04 (2) 

AQ-PID-TVOC 

Total Volatile 

Organic Compounds  

(TVOCs) 

0.001 
0.0 – 0.1 

(Span 1.0) 

0.001 

(0.1% of Span (6)) 

 

 

Additional constituent sensors scheduled for immediate addition to the AQSN include 

three varieties of micron-size particulate matter (PM) detectors that coincide with EPA standard 

monitoring procedures (PM1, PM2.5, PM10), and a formaldehyde sensor. A formaldehyde sensor is 

scheduled in addition to the Total Volatile Organic Compound (TVOC) sensor because 

formaldehyde is a tiny particle that the TVOC sensor cannot detect without substantial cost 

incurred from a specialized lamp for the Photoionization Detector (PID); formaldehyde sensing is 

also a requirement of research at CASE in the near future due to its relevance as an IAQ nuisance, 

                                                             
6 (Environmental Protection Agency, 2002) 
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particularly within the global context, with varying regulatory limits on manufacturing and 

construction practices, so the sensor is scheduled for integration. Continuous monitoring of these 

compounds by such sensors is necessary to avoid the processing time and cost involved in 

alternative methods such as gas chromatography. 

The extent of sensor distribution within a building will determine the scale, cost, and 

capability requirements of the AQSN. The potential exists either to distribute sensors throughout 

an entire building as individual and continuously monitored points of interest, or to combine the 

AQSN with a network of tubes extended from the AQSN to a variety of points in the vicinity, 

similar to NASA implementations of air quality monitoring (Christianson, Sokol, & Bethea, 1965; 

Huebner, Eaton, & Chaudet, 1966). The latter method would potentially trade temporal data 

resolution for greater accuracy in readings acquired. For example, a single sensor node may 

acquire a reading every second, but this resolution may be unnecessary since buildings generally 

do not experience vast changes in CO2 concentrations so quickly. Increasing the time interval to 

minutes would allow many points in a given space to be monitored with a single sensor node. This 

reduces overall hardware costs, freeing resources for sensor technology of sufficient accuracy for 

monitoring baseline-to-moderate concentrations of indoor CO2 (400 – 2,500 ppm). 

To monitor multiple points of interest with a single sensor node, representing a lower 

system cost than a sensor node at every point, air flow shaping will eventually be preferable. The 

network of air tubes would ideally be designed to route air samples to a single AQSN from several 

preferred locations, including locations preceding diffusers within ducts; following return duct 

covers within ducts; within typical occupied spaces; at building air intakes and exhausts; and near 

exterior surfaces of the building. When the sensor node switches sampling points however, the air 

tube must be flushed with fresh air before data are acquired.  Larger buildings may require 

several sensor nodes as tubing length could introduce prohibitive delays in this tube purging 

process. 

Tubes extending from a sensor node to each point of interest would then carry an the air 

sample from a desired air sample location to the AQSN. The length and size of each tube must be 
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recorded to ensure the accuracy of the data, as tubing would require a length- and volume-

dependent amount of time to transport an air sample to the AQSN. A mechanical switching 

assembly for the tubes would also be required to route air from a single tube at a time to the 

AQSN, ensuring that only the intended air sample would be drawn into the node. In the case of 

electronic component lag or drift in timing of the AQSN, integrating the mechanical controls of 

air sample tubing with the AQSN would ensure that the control of the air samples would follow 

the AQSN status. This would ensure that air sample sensor data were collected when the 

appropriate air sample had been admitted to the AQSN.  Once the air sample reaches the interior 

of the AQSN, the air sample travels through a series of gas hoods that house sensors individually 

within a sealed air flow system. 

Tube purge rate could be reduced by increasing flow rate prior to the AQSN, exhausting 

excess air outside of the AQSN air sample stream, however the additional pressure required to 

pull an air sample at greater speeds through a tube could cause the tube to collapse and plug 

itself, thereby requiring further sensitivity in mechanical design. Rigid tubing would offer greater 

air flow support than flexible tubing but is more difficult and costly to install. Instead, constantly 

purging all tubing when not in use by the AQSN at 500 standard cubic centimeters would ensure 

that any time the AQSN sample stream were switched to another tube, sensor readings could be 

retrieved without delays associated with tubing length and without the additional costs of rigid 

tubing installation. 

The composition of the tubing, and all components contacted by each air sample, are also 

expected to effect the validity of the sensor readings. Within the sensor node, nylon was selected 

for tubing because of its durability, strength, and compatibility with the compounds the AQSN is 

capable of monitoring. All material components of the sensor node that come into contact with 

the air sample stream have been assessed for chemical compatibility. Any new components 

should go through a similarly rigorous analysis to ensure they will not contaminate the air sample 

stream. The enclosure of the device is acrylic, for example, which is known to off-gas VOCs, but 

the enclosure does not contact the air stream and therefore acrylic is acceptable.  



51 
 

To control the overall enclosure size of the AQSN, several small and independent sensor 

devices would be preferable to several large hand-held devices. Electrochemical sensors are 

readily available in independent sensor configurations called original equipment manufacturer or 

OEM format with a wide variety of gas sensing capabilities. Validation of the electrochemical 

sensor technology has been completed (Popoola et al., 2010)and the use of this sensor 

configuration is becoming widespread in  regional air quality monitoring applications 

(Massachusetts Institute of Technology, 2016; Mead et al., 2013). However, electrochemical 

sensors are sensitive to air mass flow, so the system has been designed to control air mass flow at 

a rate of 500 standard cubic centimeters per minute. This is the peak operating flow rate for the 

included air quality sensors. The electrochemical sensors in this system operate at 500 standard 

cubic centimeters per minute, fixing the air flow rate for the AQSN sensor air stream. The flow 

rate is critical because calculations of CO2 and other air constituent concentrations depend on the 

total mass flowing across the sensors. This is because each electrochemical sensor reacts 

chemically with its target gas. In addition, some sensors have cross-sensitivity with other air 

constituents, explicitly defined by the manufacturer, and these cross-sensitivities must be taken 

into account in AQSN. 

Once an air sample reaches the AQSN through sample tubing, it is exposed to one sensor at 

a time. The order of the sensors in the air stream is intentional, and based upon the chemical 

reactions occurring on the sensor and the physical components that the air sample comes into 

contact with. Figure 9 illustrates the order in which the air sample passes through the gas hoods 

containing the sensors.  

The chemical reactions occurring at each sensor determines the order of the subsequent 

sensors, reviewed in Table 6. A weakness not currently explored as part of this thesis, is the 

potential for target constituents of an air stream to adhere to the surfaces of tubing, connectors, 

and gas hoods. In the event that this occurs, certain sensors may need to be moved to a building’s 

occupied space, possibly as an addition to some of the locations of the PPSN. In addition, nitric 

oxide and nitrogen dioxide have counter-acting chemical reactions. Because of this, a second air 



52 
 

stream may need to be considered. The device only reacts with a fractional component of the air 

stream, so the products of the chemical reaction are expected to be negligible in concentration. 

 

Figure 9: Air Quality Sensor Node Air Flow Diagram Defining Arrangement of Air 

Quality Sensors with an Isolated Air Sample Stream. The air sample stream passes 

through each sensor in a sequence intended to avoid potential error as a result of chemical 

reactions and cross-sensitivity characteristic of each sensor. Future additions to the AQSN 

include the particulate matter and formaldehyde sensors, as well as a filter insertion location 

in the case that the AQSN is deployed in a particularly poor air quality scenario. A partial air 

bypass will need to be included as the air mass flow of the future particulate matter sensor is 

less than 500 sccm. 

 

 

The air mass flow sensor operates by passing the air sample through a mechanical spindle, 

to which particulate matter readily adheres to. For this reason, the particulate matter and TVOC 

sensors are first in the air flow sequence. In the case of environments with particularly poor air 
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quality, a filter should be placed before the air mass flow sensor so that particulates and VOCs do 

not cause unnecessary degradation of downstream sensors. The pump is oversized to handle 

potential increases in pressure drop as the future air filter collects matter.   

 

Table 6: Chemical Reactions Occurring at Each Sensor within the Air Quality Sensor 

Node. In this table, the chemical reactions occurring within each air quality sensor are defined. 

Of particular importance is the production of CO2 by the CO sensor, dictating the placement of 

the CO2 sensor prior to the CO sensor. Also of importance is the counter-production of NO by the 

NO2 sensor, and production of NO2 by the NO sensor. Only trace amounts of NO or NO2 in an 

air sample react with the respective sensor, and thus the impact of either sensor reading is 

minor, but draws attention for possible future resolution to eliminate error potential. 

ID Code Sensor Description Chemical Reaction 

AQ-NDIR-CO2 Carbon Dioxide (CO2) Non-Dispersive Infra-Red  

AQ-ES-CO Carbon Monoxide (CO) 
1
2

 

AQ-ES-CH2O [FUTURE]  
Formaldehyde (CH2O) 

1
2

 

AQ-ES-NO Nitric Oxide (NO) 
1
2

 

AQ-ES-NO2 Nitrogen Dioxide (NO2) 
1
2

 

AQ-ES-O2 Oxygen (O2) 2	 2  

AQ-ES-O3 Ozone (O3) 
1
2

 

AQ-OPC-PM [FUTURE]  
Particulate Matter (PM) Optical Particle Counting 

AQ-ES-SO2 Sulfur Dioxide (SO2) 
1
2

 

AQ-PID-TVOC Total Volatile Organic 
Compounds (TVOCs) Photo-Ionization Detection 
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The future air filter can be used to validate the readings of the particulate matter sensor(s) 

by analyzing the collected matter on the filter and comparing it to the particulate matter sensor 

readings over the same time period. The air filter could be utilized as a short-term research 

validation solution, and is not intended as a long-term future system design. In full-scale 

deployment scenarios, the particulate matter and TVOC sensors would be placed in a secondary 

air stream to separate the poor air quality stream from the rest of the sensors. Alternative and 

longer-lasting filtration techniques can then be used on the electrochemical sensor air sample 

stream to extend the life of the sensors. To ensure that the air pump is maintaining air mass flow 

of 500 standard cubic centimeters per minute through the AQSN electrochemical sensor gas 

hoods, the air mass flow sensor is placed as close to the inlet as possible. This ensures that 

pressure drops associated with the tubing, sensor gas hoods, and connectors are accounted for in 

all measurements.  

 

4.4.1.2 Schematic Design Considerations of the Air Quality Sensor Node 

Electrochemical sensors and their supporting circuits provide two signal conductors that 

must be compared as an analog differential to retrieve sensor data. There are ten sensors from the 

prior Section requiring this configuration, and simpler hobbyist microprocessor platforms are 

generally not capable of hosting analog differential sensor circuits, especially in this quantity. 

Some hobbyist microprocessors can be reconfigured by circumventing the typical use of the 

products, but the quantity of pins required for the AQSN exceed that provided by most hobbyist 

microprocessor platforms. The industrial programmable system-on-chip (PSoC), however, excels 

at hosting analog differential sensor circuits and is capable of hosting the full gamut of sensors in 

the AQSN design. The PiSoC, a platform with a PSoC microprocessor and Raspberry Pi 

integration, was developed at RPI as part of a Multidisciplinary Design Lab (MDL) Capstone 

Project in 2014 as a collaboration with Cypress Semiconductor.  The PiSoC is equipped with the 

PSoC-5LP architecture, a 32-Bit ARM CORTEX-M3 PSoC from Cypress Semiconductor; it adds 

the functionality of hosting Arduino-style shields, a Raspberry Pi interface, and more than 60 
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ports for connecting sensors and other devices. A PSoC processor is a form of Field-

Programmable Gate Array (FPGA) with the addition of analog functionality. 

To ensure that all devices of the system could interconnect successfully and any 

supporting circuits were accounted for, a schematic design was completed. The complexity of the 

AQSN demanded thorough evaluation and documentation of each device. With such small signal 

voltages being analyzed by the microcontroller, signal noise was of primary concern for long-term 

accuracy of data acquired with the AQSN. Signal noise was thus the primary consideration when 

evaluating sensors, support circuits, and all other interconnected devices. To reduce signal 

conductor noise from the electrical circuit, low-noise power supplies and transformers have been 

selected. In addition, capacitors are added to filter certain electronic frequencies present from the 

operation of a microcontroller on the circuit. Microcontrollers typically deposit noise onto the 

sensor signal conductors and ground reference during data acquisition, and filtration circuits 

counteract this effect. Further noise abatement can be achieved in the future by implementing 

analog-to-digital conversion at each air quality sensor; this approach was tested successfully 

during the development of the PPSN. This methodology reduces the potential for electromagnetic 

interference (EMI) to be deposited on analog signal conductors from the host environment. 

Common sources of EMI include wireless communications and lighting. 

During schematic design, decisions on sensor specifications became necessary to begin 

allotting appropriate support circuits and necessary resources for integration. With laboratory 

experiments and field investigations as driver for the development of the AQSN, a human 

interface method at the AQSN would be required to configure data acquisition time interval, 

project identification, and timing of operation of the AQSN or individual components. In 

particular, the PID sensor utilized to obtain TVOC levels has a lamp within the sensor that only 

lasts approximately 2,000 hours. In order to ensure that this lamp is only activated when TVOC is 

a target constituent of an investigation, a separate power switch is provided for the PID sensor 

from the remainder of the AQSN.  Two rotary dials are provided to enable easy configuration of 

up to 12 different project number identifiers and data acquisition time intervals. A liquid crystal 
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display (LCD) was provided as well to display sensor readings, the current time, project 

identification number, and system status reports to the user. The LCD consumes substantial 

energy in comparison to the other components, and so an infra-red proximity sensor is provided 

next to the LCD so that information is only displayed when an individual activates the sensor by 

motion. 

As a result of these decisions, a breakdown of components was developed to facilitate the 

production of a schematic design. The major component specifications of the AQSN are outlined 

in Appendix 1. The resulting schematic design is provided as a combination of wiring diagrams for 

both products from manufacturers and custom components developed within the scope of this 

thesis. Manufacturer product wiring diagrams and illustrations can be found in Appendix 2, while 

custom component wiring diagrams and renderings can be found in Appendix 3. 

 Next, the overall size and shape of the AQSN was determined. In collaboration with a 

Materials and Prototyping course student team from the School of Architecture, the AQSN 

enclosure was developed. The enclosure is clear to permit the display of the full system to 

collaborators, reviewers, investigators, and users. The clear enclosure also permits easy visual 

analysis of device connections when troubleshooting. Initially, the design in Figure 10 places the 

air quality sensors in two rows next to one another, but later in the production process the rigid 

tubing could not fit in the proposed configuration, and instead two rows of air quality sensors 

were placed along the edges. The electronics occupying the remaining interior space of the 

enclosure were moved to the center row.  

The enclosure can be quickly opened and closed to access or maintain components. 

Individual sensors and other devices can be replaced without hindrance. When sensors are added 

in the future, a new enclosure will need to be developed due to size constraints of this enclosure. 

Since an acrylic enclosure is used, the fabrication of an alternatively sized enclosure is trivial. 

Nearly all connections are removable, providing a level of modularity atypical of products 

available on the market and underlying the necessity for the production of the AQSN. In future 

iterations for full building or regional deployment, individual sensors may be separated into 
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separate modules, while retaining a plug-and-play style of interconnection by providing each 

sensor module with air sample tubing and electrical connections. 

 

Figure 10: Air Quality Sensor Node Preliminary Enclosure and Device Layout 

Design. This figure presents a preliminary three-dimensional rendering of a proposed 

enclosure for the AQSN. Only major devices that could result in alternative enclosure sizing 

were included. This rendering was produced by the Materials and Prototyping team in 

collaboration with the author. This exercise established the overall enclosure dimensions and 

material requirements. 

 

 

To permit the stacking of AQSN’s and to lower the profile of the device, the manual 

controls were moved to a short front face of the enclosure from their original position. The PiSoC 

was also positioned such that it was central to all air quality sensors, to ensure that the conductor 

length from each sensor was as short and as constant in length, as possible. Acrylic was chosen as 

the enclosure material because it is readily available, quickly processed in RPI laser cutters, easily 

engraved with labels, and functions as a transparent enclosure for observation and 
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troubleshooting. The limitation of this method is the lack of structural integrity. Transportation of 

the AQSN should be conducted with protective casing due to the sensitivity of the equipment and 

potential for serious damage in the case of accidents. In future iterations, a more structurally 

sound enclosure should be produced or acquired to protect the sensitive devices within the AQSN.  

 

4.4.1.3 Hardware Development of the Air Quality Sensor Node 

Once the schematic design was complete, acquisition of devices was conducted. As 

devices arrived, they were prototyped as partial AQSN iterations. A methodical process of single-

device integration ensured that when problems arose, changes or modifications made were 

isolated as the source of new issues. Thorough analog and digital circuit analysis was conducted 

with logic analyzers, oscilloscopes, multimeters, and signal generators. A Git repository hosted in 

the Cogswell 336, CASE Sorption Lab version tracked all software and document developments as 

the team progressed through the extensive iterations of the AQSN. 

The first hardware prototype exercise conducted included a PiSoC, LCD, proximity 

sensor, quantum PAR sensor, rotary selection switch, and pressure sensor. This prototype 

included a combination of analog and digital circuitry, with supporting components such as 

resistors, capacitors, wiring, and a breadboard. The software developed for this first prototype 

established the framework with which all future updates to the PiSoC software would be 

conducted, demandeding substantial time to thoroughly discuss and establish a standard of 

practice around software development. The resulting disarray of wiring applied pressure to the 

prospect of custom PCB development, which ensured that wiring and custom circuits did not 

envelop the remaining open cavity of the enclosure, concealing components. Furthermore, the 

enclosure design had not accounted for the addition of several breadboards placed throughout the 

AQSN to facilitate custom circuits. 
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Figure 11: Air Quality Sensor Node First Rudimentary Prototype of Analog and 

Digital Communication Components. This figure illustrates the first rudimentary 

prototype of the AQSN, with limited functionality and components. Microprocessor Systems 

in Fall of 2014 developed this prototype with the author. The team decided upon integration 

of digital (AQ-D-LCD) and analog (AQ-S-PAR, AQ-S-BARO, AQ-S-IRP) devices with the 

AQSN microcontroller (AQ-M-PiSoC) for the first prototype. This resulted in fulfillment of the 

course requirements, while also establishing the necessary framework for future AQSN 

developments. 

 

 

The AQSN enclosure would be approximately twice as large in the event that hardware 

such as PCBs were not developed. Once the circuits proposed in the schematic design were 

confirmed as functional as in Figure 11, custom printed circuit boards (PCBs) were then 

developed. In addition to reducing the size of the AQSN enclosure, this procedure reduces EMI by 

adding ground planes on the PCBs which collect the EMI on one plane and rerouting it to ground 

instead of collecting directly on the sensor signal conductors. PCBs also present the opportunity 

to reduce some supporting circuit component sizes such as capacitors and resistors, potentially 

AQ-D-LCD 

AQ-S-PAR 

AQ-M-PiSoC 

AQ-S-IRP 

AQ-C-RSS AQ-S-BARO 
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increasing their accuracy as less metal would then be required to connect the smaller surface-

mount versions of the components to a PCB. In axial resistors, for example, the metal wires 

extending from the resistor are a source of interference in operation both electrically and 

thermally, limiting the accuracy of axial resistors. While prototyping, axial resistors were used 

until proper functionality of each PCB and circuit integration were confirmed. 

 

 

Figure 12: First Fully Functional Prototype of the Air Quality Sensor Node for 

Research Deployment. Custom PCBs have reduced wiring, reduced quantity of components, 

and improved circuit accuracy in the first fully functional prototype. Components are (1) AQ-

M-PiSoC, AQ-M-PiSoC-B, AQ-D-WC, AQ-D-WC-B, (2) AQ-NDIR-CO2, AQ-NDIR-CO2-SC, (3) 

AQ-ES-CO, AQ-ES-CO-SC, (4) AQ-ES-NO, AQ-ES-NO-SC, (5) AQ-ES-NO2, AQ-ES-NO2-SC, (6) 

AQ-ES-O2, AQ-ES-O2-SC, (7) AQ-ES-O3, AQ-ES-O3-SC, (8) AQ-ES-SO2, AQ-ES-SO2-SC, (9) AQ-

PID-TVOC, AQ-PID-TVOC-B, (10) AQ-D-I2C-B, (11) AQ-S-AMF, AQ-S-AMF-B, (12) AQ-S-

DBT/RH, AQ-S-BARO, AQ-S-DBT/RH-B, (13) AQ-D-AP, (14) AQ-D-LCD, AQ-S-IRP, AQ-D-

LCD-B, (15) AQ-C-RSS, AQ-C-RSS-B, (16) AQ-C-PS, (17) AQ-D-RTC, AQ-D-RTC-B, (18) AQ-D-

5.0VDC, AQ-D-5.0VDC-B, (19) AQ-D-3.3VDC, AQ-D-3.3VDC-B, and (20) AQ-D-UPS. This 

prototype was completed by all team members during and prior to the spring semester of 2015, 

in collaboration with the author. 
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4.4.1.4 Sensor Calibration for the Air Quality Sensor Node 

The EPA-mandated method available to a laboratory for sensor calibration is the use of 

compressed gas cylinders with concentrations of target gases certified to an analytical device 

standard. Small lecture bottles have a potential error of up to 5% as it is not possible to acquire an 

analytical standard compressed gas in such a small volume. When handling small concentrations 

of target gases in the ppm and ppb range, 5% error can greatly compromise sensor performance. 

Larger volume compressed gas cylinders are required to reduce error below 2%. A compressed 

gas cylinder with CO2 as a target gas can be contained within the dimensions of 7” diameter x 16” 

height. This cylinder size contains 30 cubic feet of CO2 and will be sufficient for several instances 

of calibration. Table 7 outlines the requirements of each calibration gas required for to complete 

calibration of gas sensors within the AQSN, including acute permissible exposure limit (PEL) for 

the target gases. Nitrogen has been included in the calibration gas listing, because it is required as 

a purge gas. A cross-purge assembly is required when using toxic gases such as nitric oxide. A 

purge gas enables the individual completing the calibrations to flush all components with 

nitrogen and exhaust the remaining nitric oxide into a fume hood before dismantling the 

equipment, effectively reducing potential for exposure to the toxic gas nitric oxide. 

When available, target gas concentrations for calibration have been selected in 

conformance with requirements predetermined by the manufacturer, and they have been reduced 

whenever possible. The sensors are more accurate when the target calibration gas concentration 

is close to the intended experimental condition, without falling below the maximum desired 

experimental condition. PEL values indicate the greatest hazards for individuals performing 

calibrations. Additional care should be taken in preparation of a calibration station within a fume 

hood if the compressed gas cylinder concentration is above the PEL. Particulate matter does not 

currently have an established calibration protocol in this thesis, and thus Table 7 is currently 

missing these specifications. A particulate matter sensor could be calibrated by bringing the 

device to an appropriately equipped aerosols lab that specializes in producing PM calibration 

standards. 
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Table 7: Air Quality Sensor Node Calibration Gas Requirements for Compressed Gas 

Cylinders. Of particular importance are the PEL values in comparison to target gas 

concentrations, as these show the need for stringent safety and operating procedures. 

ID Code 
Calibration 

Target Gas 
Conc. Scale 

OSHA 

PEL 
Certification Description 

AQ-ES-CO 

Carbon 

Monoxide 

(CO) 

10 ppm 50 Analytical 
CO with Air 

Balance 

AQ-NDIR-CO2 

Carbon 

Dioxide  

(CO2) 

0.5 % 0.5 Analytical 
CO2 with Air 

Balance 

AQ-ES-CH2O 

[FUTURE] 

Formaldehyde 

(CH2O) 

10 ppm 2 Analytical 
CH2O with 

Air Balance 

AQ-PID-TVOC 
Isobutylene 

(C4H8) 
1 ppm N/A Analytical 

Isobutylene 

with Air 

Balance 

AQ-ES-NO, 

AQ-ES-NO2, 

AQ-ES-SO2 

Nitrogen  

(N) 

99.99

95 
% N/A Analytical 

N, to be used 

as a Purge 

Gas 

AQ-ES-NO 
Nitric Oxide 

(NO) 
1 ppm 25 Analytical 

NO with N 

Balance 

AQ-ES-NO2 

Nitrogen 

Dioxide  

(NO2) 

1 ppm 5 Analytical 
NO2 with Air 

Balance 

AQ-ES-O2 
Oxygen 

(O2, “Air”) 
20.9 % N/A Analytical 

O2 with N 

Balance 

AQ-ES-O3 
Ozone  

(O3) 
0.8 ppm 0.1 N/A O3 Generator 

AQ-ES-SO2 
Sulfur Dioxide 

(SO2) 
1 ppm 5 Analytical 

SO2 with Air 

Balance 
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To verify accurate sensor calibrations, target gases should be tested, and appropriate 

calculations made to ensure that each sensor reads the correct concentration of the target gas. 

These calculations are defined by the manufacturer of each sensor and are available in application 

notes. In addition, the AQSN can be transported to air quality stations and placed in the vicinity 

for several hours while acquiring sensor readings. The sensor readings from the AQSN can then 

be compared to the readings publicly available for download from the associated agency such as 

the EPA or NOAA. This method can provide a second point of calibration or a validation of the 

compressed gas cylinder calibration method. 

At the time this thesis was completed, compressed gas cylinders were not available for use 

to calibrate the sensors. Calibration protocols, standards operating procedures (SOP’s), safety 

protocols, and infrastructure upgrades have been designed and implemented in the CASE 

Sorption Lab at RPI to facilitate future calibrations of these sensors. Since calibration with this 

method was not available, preliminary data have been acquired without the necessary calibration. 

It is still possible to make use of these data, but greater error will be associated with the hardware 

and calculations required to adapt them. Before completing the first calibration, each target gas 

should be measured by the sensor node, yielding a set of readings that illustrate the difference 

between non-calibrated sensor readings and actual target gas concentrations. This method will 

allow prior data to be corrected.  

This procedure will be limited, however, because electrochemical sensor readings drift 

over time, and can result in 0.5 - 2.0% error per month. The drift on each sensor over multiple 

calibrations may be characterized to assist in correcting for drift algorithmically even if 

calibration has not been conducted for several months. The electrochemical sensors are expected 

to have a useful life of at least 12-24 months, after which regular calibrations will be required as 

additional drift and signal degradation begin to occur, assuming each sensor is still operable. In 

the interim, the AQSN can be transported to a nearby air quality station and compared to EPA air 

quality data without a compressed gas cylinder calibration. This will gauge sensor inaccuracy 

before calibration. 



64 
 

4.4.2 Development of a Psychrometric Profile Sensor Node for Acquiring Air 

Sample Data that Influences the Accuracy of Carbon Dioxide Sensor 

Readings 

An air sample’s psychrometric profile has the potential to alter the accuracy of AQSN 

readings, especially with respect to CO2, and therefore the PPSN is intended to algorithmically 

correct any potential effect that an air sample’s psychrometric profile may have on the sensors. 

The PPSN is also capable of being utilized in an experimental apparatus that requires 

conformance with ASHRAE 41-series standards, such as a desiccant chamber conforming to the 

ASHRAE 139 desiccant testing standard that is currently in production at CASE. Within the 

architectural design practice, ASHRAE standards dominate the baseline methods by which the 

design and engineering of building environmental control systems are developed. IAQ monitoring 

standard conformance will assist in expedited assimilation by researchers and practitioners in the 

field. In addition, conformance with ASHRAE standards ensures that the PPSN would integrate 

with overall building control systems, as opposed to adding yet another independently operating 

sensor network. For example, the PPSN could collect data for adaptation of data collected by the 

AQSN, while also providing data to activate controls for a building’s HVAC system. 

In addition, the PPSN has been developed to host additional sensors and actuation 

methods for use in conjunction with experimental apparatus. Additional sensor capabilities 

include two air mass flow sensors, which also conform to the ASHRAE 41-series standards. 

Actuation methods include connections for dampers, fans, humidifiers, and heaters, which are 

useful in both the context of buildings and research apparatus. The PPSN is designed to be plug-

and-play, automatically detecting what sensor configuration is attached to the microcontroller. 

As far as the sensors are concerned, wet bulb temperature requires the wetting of a sheath 

on a secondary dry bulb temperature sensor, so the application of this sensor is only suitable in a 

research apparatus. In the context of a permanent installation within a building, the wet bulb 

temperature sensor would not be included in the PPSN. The absolute pressure at an air sample 
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collection point in a building will not disrupt sensor readings at the PPSN in the occupied space of 

a building nor at the sensors within an AQSN, and therefore it can also be safely removed in the 

case of permanent installation within a building. The PPSN has not been developed for full-

building integration, and thus applications within buildings are purely speculative and require 

further research to develop the application parameters under which a design evolution would 

occur. 

 

4.4.2.1 Conceptual Design of the Psychrometric Profile Sensor Node 

ASHRAE 41-series standards are stringent and several months were required to identify 

and qualify appropriate psychrometric profile sensors. More than 100 sensors were analyzed from 

more than twenty different manufacturers. Most sensors did not meet one or more parameters of 

operation required by the ASHRAE 41-series standards or the operating conditions of CASE 

research apparatus. The primary reason for the inability of a sensor to meet the required 

specifications for the PPSN was the inability of the sensor to perform within a range of 0-100% 

relative humidity, either due to sensor hardware characteristics or a location of electronics within 

the air sample stream.   This wide range of relative humidity and other psychrometric profile 

parameters is intended to meet the needs of CASE laboratory testing which includes the artificial 

synthesis of world-wide climatic air streams, especially those in hot and humid climates. The 

PPSN device specifications that succeeded in meeting the requirements of the ASHRAE 41-series 

standards and laboratory experiments are outlined in Table 8. The ASHRAE 41-series standards 

and selected sensor accuracies are outlined in Table 9. 
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Table 8: Psychrometric Profile Sensor Node Device Specifications. Outline of the 

specifications for each of the devices associated with the PPSN. The sensors were selected as a 

result of experimental requirements for research at CASE. 

ID Code Device Description Manufacturer Model Number 

PP-M-PiSoC 
PiSoC 

Microcontroller 

Embedit 

Electronics 
PiSoC+ 

PP-M-PiSoC-B 
PP-M-PiSoC 

Breakout Shield 
CASE at RPI Thesis Development 

PP-M-RPi Raspberry Pi 
Raspberry Pi 

Foundation 
Raspberry Pi 3 

PP-S-DBT 
Dry Bulb Resistance 

Thermometer (RTD) 
Omega P-L-1 / 10-1 / 8-6-1 / 8-T-3 

PP-S-WBT 
Wet Bulb Resistance 

Thermometer (RTD) 
Omega P-L-1 / 10-1 / 8-6-1 / 8-T-3 

PP-S-DBT/WBT-SC 

PP-S-DBT/WBT 

RTD to Digital 

Breakout 

Playing with 

Fusion 
SEN-30201-PT100 

PP-S-RH Relative Humidity Vaisala HMM105 

PP-S-AP Absolute Pressure Omega PX419-015A5V 

PP-S-AP-SC 
PP-S-AP 18-Bit  

ADC-4 Channel 
DF Robot DFR0316 

PP-S-AMF Air Mass Flow Air Monitor LO-flo / SS Model FR 

PP-S-AMF-SC PP-S-AMF Breakout Air Monitor DPT2500 I-D 

PP-S-

DBT/WBT/RH/AP-B 

Consolidated Sensor 

Breakout 
CASE at RPI Thesis Development 

PP-D-EXCH Exchange Board CASE at RPI Thesis Development 

PP-D-RTC Real-Time Clock Macetech LLC Chronodot V2.1 

PP-D-I2C I2C Multiplexer Adafruit 
TCA9548A 1-tto-8 I2C 

Multiplexer 
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ID Code Device Description Manufacturer Model Number 

PP-D-5.0VDC 5.0 VDC Transformer 
Analog 

Devices Inc. 
ADM7150ARDZ-5.0 

PP-D-5.0VDC-B 
PP-D-5.0VDC 

Breakout 
CASE at RPI 

Thesis Development 

(See AQ-D-5.0VDC-B) 

PP-D-LCD Touch Screen LCD 
Raspberry Pi 

Foundation 

Raspberry Pi  

Touch Display 

 

 

Table 9: Psychrometric Profile Sensor Node Standard Conformance Summary. 

Outline of the ASHRAE standards (American Society of Heating, Refrigerating, and Air-

Conditioning Engineers, 1987; American Society of Heating, Refrigerating, and Air-Conditioning 

Engineers, 2013a; American Society of Heating, Refrigerating, and Air-Conditioning Engineers, 

2014) that dictate the minimum sensor accuracies for lab measurements when a research 

apparatus is conducting experiments with the intention of applying the results to building 

environmental control infrastructure. The table indicates conformance with ASHRAE 41-Series 

standards and the ability of the sensors to meet operating range requirements of experiments. 

ID Code 
Sensor 

Description 
Sensor Accuracy 

Range of 

Operation 

ASHRAE 41-Series 

Standards 

PP-S-DBT 
Dry Bulb 

Temperature 
0.10 0.18  90 80  0.20	 	 0.36  

PP-S-WBT 
Wet Bulb 

Temperature 
0.10 0.18  90 80  0.20	 	 0.36  

PP-S-RH 
Relative 

Humidity  
1 % 0 100 % 2	% 

PP-S-AP 
Absolute 

Pressure 
0.08 % 0 15 psi 1	%	 	 	  

PP-S-AMF Air Mass Flow 0.50 %  0 175  3	%	 	 	  

 

 



68 
 

4.4.2.2 Schematic Design of the Psychrometric Profile Sensor Node 

Once sensor specifications met the ASHRAE 41-series standards, the schematic design 

could proceed. A prototype was then completed to test the functionality of the sensors. Extensive 

use of devices and wiring was required, and resulted in an unwieldly number of connections and 

materials. PCBs once again offered an opportunity for simplification and a plug-and-play style. 

The schematic design provides the opportunity to develop a method for integration. Figure 13 

illustrates the schematic design for a single PPSN. 

 Up to five PPSNs are required in the desiccant chamber experimental apparatus 

conforming to the ASHRAE 139 desiccant testing standard. To ensure the PPSN hardware could 

meet the needs of the desiccant chamber in a consolidated, independently operating format, a 

breakout board for the PP-M-PiSoC was developed called the “Exchange Board.” The Exchange 

Board essentially provides the ability to connect up to six PPSNs to the PP-M-PiSoC and run the 

entire system independent of database integration, or with database integration. A touch screen 

interface is provided with the PP-M-PiSoC to permit for expeditious configuration of 

experimental procedures and operation of the equipment. The Exchange Board also hosts all the 

necessary additional connections for actuation of dampers, heaters, humidification, and fans. The 

schematic design for the Exchange Board is available in Figure 14. 
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Figure 13: Psychrometric Profile Sensor Node Schematic Design. Each device 

enabling the integration of the dry bulb temperature, wet bulb temperature, relative 

humidity, and absolute pressure sensors were placed within a wiring schematic, which 

directly translates to a PCB layout once all devices and supporting circuits are accounted for. 

The consolidated PCB that integrates all of these sensors is referred to PP-S-

DBT/WBT/RH/AP-B in the device specifications. This schematic was developed in 

collaboration with Calvin Mangus. 
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Figure 14: Exchange Board Schematic Design. The Exchange Board (PP-D-EXCH) 

provides three primary additional capabilities. First, it enables up to six PPSNs to be connected 

quickly and easily in a plug-and-play style. Second, it integrates the necessary additional 

devices required to manage communications and data flow between the PP-M-PiSoC and each 

of the PPSNs. And third, it consolidates the extensive wiring required to interconnect all of the 

devices into a minimal profile of a PCB. This schematic was developed in collaboration with 

Calvin Mangus. 

 



71 
 

4.4.2.3 Hardware Development of the Psychrometric Profile Sensor Node 

Next, the PCB design was completed with knowledge of each device necessary to connect 

sensors to the PPSN PCB. Size of the PCB was minimized to permit the ability to mount it to an 

access hatch on the side of a four-inch diameter galvanized steel duct. The access hatch was 

milled to permit the sensors to penetrate through the hatch and into the air stream flowing 

through the duct. The PCB mounts to the access hatch, ensuring the shortest possible conductor 

length between the sensors and the PCB. Shorter lead lengths reduce possible EMI on the sensor 

conductors and housing. With the desiccant chamber utilizing high voltage equipment (120 – 240 

VAC) at high amperages (4 – 15 amps) at each piece of equipment, the opportunity for EMI is 

higher than usual and needs to be controlled as well as possible. Each PPSN PCB provides an 

analog-to-digital conversion device to reduce the potential for noise even further by eliminating 

potential for EMI once the sensor signal reaches the PPSN PCB. Digital signals are far more 

robust, and the data encapsulated within the digital communications is uneffected by noise unless 

the EMI is so great that communications are impossible. This results in a reliable transmission of 

sensor data, and is a significant achievement of the PPSN design. 
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Figure 15: Psychrometric Profile Sensor Node PCB Design. Each PPSN is equipped 

with this PCB (PP-S-DBT/WBT/RH/AP-B). The PCB has several connections for three 

additional devices that convert analog signal data to digital communications. This results in 

a reliable transmission of sensor data without the opportunity for noise to alter the sensor 

signals. To the left with red traces is the front side of the PCB, and to the right with blue traces 

is the back side of the PCB. This PCB was developed in collaboration with Calvin Mangus. 

 

 With 24 sensors connected via six PPSNs, several communications issues arose. The most 

complicating of these issues occurs when the devices converting from analog-to-digital for the 

same sensor on each PPSN shared the same digital device address. Some of the devices were not 

able to have their addresses changed, despite address change documentation provided by the 

manufacturers. Since more than one device cannot exist on the same network at the same time, a 

digital communications multiplexer was provided on the Exchange Board. Transformation of 

energy occurs as the exchange board to reduce the profile at each PPSN. An accurate real-time 

clock (PP-D-RTC) is also placed on the Exchange Board to ensure that the PP-M-PiSoC is able to 

place a time on each PPSN data packet that is as close as possible to the actual time the sensor 

readings are acquired. Finally, all connectors required for additional sensors and actuation of 

research apparatus devices are also placed on the Exchange Board. The PCB design for the 

Exchange Board is provided in Figure 16.  
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Figure 16: Psychrometric Profile Sensor Node Exchange Board Printed Circuit 

Board Top Layer Design. Only one Exchange Board (PP-D-EXCH) is required for up to six 

PPSNs. All the additional devices required to connect up to six PPSNs and manage the 

associated communications and data are included on the Exchange Board. This PCB was 

developed in collaboration with Calvin Mangus. 
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Figure 17: Psychrometric Profile Sensor Node Exchange Board Printed Circuit 

Board Bottom Layer Design. This is a continuation of Figure 16. Only one Exchange Board 

(PP-D-EXCH) is required for up to six PPSNs. All the additional devices required to connect up 

to six PPSNs and manage the associated communications and data are included on the 

Exchange Board. This PCB was developed in collaboration with Calvin Mangus. 

 

 Once the PCBs had been assembled, testing was successful and an equipment test was 

conducted as shown in Figure 18. This test demonstrated the accuracy of the new analog-to-

digital circuitry and represents a drastic improvement and significant achievement of the team in 

establishing greater confidence in the stability and reliability of the PPSN electronics.  
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Figure 18: First Fully Functional Prototype of the Psychrometric Profile Sensor 

Node for Research Deployment. Custom PCBs have reduced wiring, reduced quantity of 

devices, and improved circuit accuracy in the first fully functional prototype. Components are 

(1) PP-M-PiSoC, PP-M-PiSoC-B, (2) PP-M-RPi, PP-D-LCD, (3) PP-S-DBT, PP-S-WBT, (4) PP-

S-RH, (5) PP-S-AP, (6) PP-S-AMF, PP-S-AMF-SC (7) PP-S-DBT/WBT/RH/AP-B, PP-S-

DBT/WBT-SC (8) PP-D-EXCH, PP-D-RTC, PP-D-I2C, PP-D-5.0VDC, PP-D-5.0VDC-B. This 

prototype was completed by all team members during and after spring semester of 2015, in 

collaboration with the author. This prototype was made possible by the generous support of 

Mae-Ling Lokko and the 2015 NEXUS Accelerator Grant. Electronic circuit components were 

provided by the author. 

 

 

4.4.2.4 Calibration of the Psychrometric Profile Sensor Node 

The sensors within in the PPSN have been pre-calibrated by the respective 

manufacturers, and a certificate of calibration is on file at CASE for each sensor. No further action 
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is necessary at this time, but routine annual calibration should be completed on the sensors by 

returning the devices to the manufacturer for recalibration. 

 

4.5 Second Component: Base Station Development for the Management and 

Simplification of Multiple Sensor Node Data Streams of Varying 

Configuration 

 Sensors are connected to a PiSoC through a variety of analog and digital circuitry 

discussed in prior Sections. The PiSoC then transfers packets of sensor data via a wireless device 

to a base station. Only one base station is expected to be installed in any given building or 

research location. That single base station will then host all sensor nodes in the building, merging 

their data before forwarding the newly curated data set to the IDWSN database, discussed in 

Section 4.6, via the internet by either wired or wireless means.  

 With the AQSN and PPSN already equipped with a Digi International XBee device, the 

base station must adopt the same hardware to enable transmission on the established wireless 

network. Unlike Wi-Fi devices, the XBee devices have a unique 802.15.4 wireless network 

undetectable by typical Wi-Fi devices because they operate beyond the typical Wi-Fi frequency 

range. A Raspberry Pi was selected as the microprocessor system because it is more capable of 

handling the computational power required to process the number and frequency of packets 

received from multiple AQSN and PPSN components. Furthermore, the base station is not 

required to host a gamut of analog and digital sensors, and therefore this hobbyist-grade 

microprocessor is better suited for the application. The Raspberry Pi is well=documented and 

supported, smoothing the learning curve when individuals unfamiliar with microprocessor 

systems join the team. Individual device specifications for the base station are outlined in Table 

10. 
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Table 10: Base Station Component Specifications. The devices making up the base station 

are outlined, and are minimized to isolate the burden of processing to only data aggregation of 

incoming AQSN and PPSN data streams. 

ID Code 
Component 

Description 
Manufacturer Model Number 

BS-M-RPi 
Microprocessor 

System 

Raspberry Pi 

Foundation 
Raspberry Pi 

BS-D-WC 
Wireless 

Communication 
Digi International XBee 

 

 

The Raspberry Pi also provides the ability to access the base station remotely, so that the 

data merge process occurring at the base station can be modified without physical interaction. 

When scaling to larger systems, this remote access functionality will allow users to change the 

database configuration and appropriately update base station data merger configurations without 

traveling to installation sites. This type of systematic upstream update is required if the database 

configuration is changed, because the base station is converting raw AQSN and PPSN sensor 

value data packets to a format able to be readily populated by the database. If a mismatch exists 

between the base station format and the database format, the base stations will fail to complete 

data transfers to the database. 

For the purposes of prototyping, two Arduino Uno were utilized in the prototyping of the 

XBee wireless communications system. Figure 19 illustrates the component configuration during 

prototyping. The intention in this test was to control an LED attached to one Arduino with a 

potentiometer connected to another Arduino. This would be sufficient to test the operative ability 

of the wireless network to transfer information and conduct actions based on the received data. 

The test was a success, using basic XBee communications protocols. Unfortunately, XBee 

communications are unsecure by default, and therefore customization of the system is required to 

ensure the secure transmission of data. 
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Figure 19: First Wireless Communications Prototype. The first wireless 

communications prototype prior to implementing security measures. The intention of this 

prototype was to transmit data from one device’s potentiometer to another device, that 

signaled the receiving device to switch an LED on and off. The prototype was a success, and 

additional security measures were promptly added in the same configuration to validate the 

procedure before migrating to the Raspberry Pi platform for the base station. 

 

 

4.5.1 Local Wireless Network Security to Protect from Network Abuse and 

Exploitation of Data 

In the context of buildings, security of information and wireless networks becomes an 

important consideration, especially for buildings such as some government buildings that require 

a secure indoor air enclosure. These require that external air intake be discontinued in the case of 

a compromise in outdoor air quality. One of the full-scale building testbeds currently in operation 

is a high-security government facility that does not permit wireless communications with any 

AQ-D-WC 

AQ-D-WC-B 
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device outside of the building. If a third party with malicious intent were to gain access to the data 

on the wireless sensor network, they could harvest data as it was transmitted and use the data for 

their own purposes. More importantly, the wireless data packets contain data critical to 

conducting a spoof attack, wherein a third party could create packets as if they originated from a 

legitimate device on the wireless network. This would enable the third party to utilize the wireless 

network to gain access to any device that were part of, or connected to, the IDWSN. The base 

station in particular, when connected to the internal building communications network for the 

purposes of uploading data to a local database, would have access to that entire network. 

Commands sent via the wireless XBee network could enable a third party to send commands to 

the base station and retrieve information about the local network. This could result in a security 

breach if not appropriately protected. 

Due to this security consideration with potentially serious repercussions, and in the 

interest of protecting laboratory data, three further communication security methods were 

configured during this prototype in addition to a single engineered solution to reduce risk 

associated with wireless network abuse. Before establishing additional security, XBee devices 

must be placed into an application program interface (API) mode. In doing so, instead of simply 

sending raw data to the XBee and the device managing the communications protocol, the 

programmer must build the entire wireless communications packet, including the checksum. Not 

all communications require a checksum, and when present there is a substantial effort to 

establish communications with a functional checksum. In particular, the use of escape characters 

in XBee packets further complicates the production and validation of checksums. Without 

considering escape characters, a packet may or may not function based on whether or not certain 

command characters are present in the packet. Command characters are those which have special 

meanings to the XBee and must be “escaped” to ensure that the Xbee knows the value in the 

packet is real and not a new command of a type associated with that character. 
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4.5.2 Internet Transmission Security to Protect from Network Abuse and 

Exploitation of Data 

Transmission of data across the internet is perhaps an even greater security risk than local 

wireless network security. To protect the base station, database server, and the data, three layers 

of security are implemented. The first and simplest layer of security is a user authentication 

system that requires both a username and password. Minimum requirements for these 

credentials, as in personal bank accounts, ensure more robust security when protecting from 

potential unauthorized network access. In addition, on-site access is restricted to individuals 

knowledgeable of the user authentication credentials. User authentication alone, however, is a 

weaker security measure where several methods of circumvention are available. Additional 

security measures are thus required. 

 The second layer of security is a secure shell (SSH) connection between the base station 

and database server. An SSH connection establishes encryption on any transmission between the 

two devices that establish the connection. The largest vulnerability of SSH is the use of username 

and password authentication. The downside to this method is that the username and password 

can be communicated insecurely over the internet by e-mail or other means, exposing access 

credentials, while many other methods exist for circumvention of username- and password-based 

authentication, so a third layer of security has been added. 

 Secure socket layer (SSL) encryption enables the use of authentication certificates 

between the devices. Essentially, the database server can establish a library of authentication 

certificates. Each base station that is enabled with the ability to transmit to the database must be 

paired with the database by being issued authentication certificates from the database library of 

authentication. These certificates expire, much like a library book checked out for too long, after 

which the paired base station can no longer transmit to the database. The authentication 

certificate contains encryption codes that are used to encrypt and decrypt data transmitted 

between the database and the base station. When sending data, an encryption code is used that 
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was issued by the database library of authentication, so when the database receives data from a 

base station, the library of authentication is referenced each time to ensure the encryption codes 

match what is on file and that the code is not expired. If both tests pass, the encryption code is 

used to decrypt the data packet and parse the sensor data as usual. If either test fails, the 

transmission throws an error or is ignored. The base station is also provided a similar code for 

transmissions received from the database server, and conducts similar evaluations and 

decryption. 

 

4.6 Third Component: Design of a Database Configuration for Managing Sensor 

Data, Contextual Information, and Visualizations 

Once sensor data are transmitted from the base station to the database, they are parsed and 

categorized according the structure of the database. The structure is malleable, in that the AQSN, 

base station, and database can all be configured to a configuration suitable for the scale of the 

project. Figure 20 summarizes the entire IDWSN and indicates security measures in place at each 

major transaction. For simplicity, transportation without data modification across wireless, 

intranet, and internet services are indicated as clouds.  

Sensor data flow begins at the AQSN, which is at the top of each vertical row in Figure 20. 

The three rows are separate geographic locations and correspond to three very different network 

configurations that the IDSWN experiences regularly even during prototype phases. From left to 

right the three columns represent an AQSN and PPSN on the RPI campus, out in the field and 

connected through unfettered public internet access, and an additional location protected with an 

additional firewall such as the CASE office at Skidmore, Owings and Merrill (SOM) in New York 

City. The database is currently located in the Cogswell 336 CASE Sorption Lab at RPI’s campus. 

The column on the left and the database systems on the bottom can be treated as a completely 

intranet operation: data never leaves the RPI network. The center column represents a transition 

from off-campus to on-campus, which requires an RPI firewall exception in order for data to be 

permitted to enter the RPI intranet. The right column represents a transition from the SOM 
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intranet, to the internet, and then into the RPI intranet. In addition to the RPI firewall exception, 

an SOM firewall exception is also necessary to enable this method, or no data can leave the SOM 

intranet and pass to the internet. 

In each column of Figure 20, familiar components appear. First are representations of the 

AQSN and PPSN, followed by XBee wireless communication devices. The three packet security 

additions as discussed in Section 4.5.1 appear beside the wireless communication cloud. The data 

arrives at the Raspberry Pi base station, which is accompanied with three additional security 

measures, discussed in Section 4.5.2, that protect transactions between the Raspberry Pi and the 

database, even if across the internet. Once the data have arrived at the database server, they are 

parsed with software applications chosen by the programmer. Currently, a combination of Flask, 

Python, and SQL Alchemy parse the sensor data and populate a PostgreSQL database. Once the 

database is populated with sensor data, review of full data sets through direct raw data downloads 

or a visualization method are possible. Access to data through the available web resources are 

handled by Angular JS, which communicates using similar utilities but in a different manner than 

population of the database with data. The visualizations conduct searches on the database by 

passing each request through AngularJS, Python/Flask, SQL Alchemy, and finally PostgreSQL. 

PostgreSQL formulates a response, and returns the data in reverse order back to the visualization 

web utility. The web utility then runs a variety of calculations and renderings to produce the 

visualizations the web utility is configured for. 



83 
 

 

Figure 20: Flow of Data throughout the Indoor Distributed Wireless Sensor 

Network. Three layers of security are provided for communications between sensor nodes 

and base stations. Three layers of security are also provided between base stations and the 

database server. Visualizations and other database access methods are hosted by the 

database server. A variety of institute, off-campus, and third party protected network 

configurations are supported. 

 



84 
 

4.6.1 Visualization Methodology for the Analysis of Environmental Protection 

Agency Criteria and Secondary Air Quality Pollutants, with a focus on 

Acquired Carbon Dioxide Data 

 The results of collected data will be displayed real-time from the AQSN with the proposed 

visualization methodology, shown in Figure 21. This visualization provides the ability to review 

multiple air quality constituents as they are monitored simultaneously, or to analyze individual 

components of the IAQ sample stream such as CO2 concentrations as considered in this study. 

Users are able to explore and analyze the real-time data stream, such as comparing Oxygen and 

CO2 levels in a given study. Furthermore, researchers can review data in the past or real-time and 

generally explore the data sets as the data is generated. An illustration of the interactive data 

visualization is shown in Figure 21. Individual constituents that are being monitored can be 

deselected or individually selected, permitting easy comparison between subsets of available data. 

O2 and CO2 can be directly compared, for example, with no other data represented on the 

visualization. Graph style can also be changed on-the-fly to provide a variety of graphing 

strategies to the user. 

The database can be developed to analyze the large stream of data being produced by a 

building, converting the data into recognizable metrics by building occupants via this visualization 

method. The metrics may then be provided in the form of figures, reports, and alerts, actively 

engaging populations in the efficacy of AMPS while also providing data visualization for use in 

publications. IAQ is often not considered in daily activities due to the invisible presence of air toxics, 

but future development could forward a change in this paradigm. Further research will be required 

to assess expansion of individuals’ and groups’ ability to make informed decisions in regards to 

environment and ecology, both locally and globally, when live data on IAQ becomes more widely 

available. 
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Figure 21: Visualization Representing Data from an Air Quality Sensor Node. This 

visualization was developed for the IDWSN from open source materials available from Data-

Driven Visualizations (D3) and Rickshaw. Prior to working with the open source content, this 

visualization utility was unable to update with live data, display camera feeds, display logos, 

or represent the constituents of an air stream that are being monitored by the IDWSN. The 

original visualization provided by Rickshaw populates with random data generated on the 

page by a script (Chester, Hunter, & Sewell, 2013), so the extensive additional functionality 

required for the IDWSN was developed within the scope of this thesis. 

 

 

4.7 Preliminary Data Acquisition in Room and Building Scale Applications 

In the absence of calibration, the IDWSN team gathered preliminary data from existing 

calibrated hardware locations to validate expected sensor performance. In the future, before 

sensors are calibrated, a calibration gas can be used to measure the difference between sensor 

reading and the calibration gas composition. This value will provide a correction factor for prior 

data. There will be additional error due to a drift in electrochemical readings over time, but the 
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correction factor has the potential to improve the prior collected data accuracy. A preliminary 

equipment test in a trial run of a human study in CBIS by monitoring CO2 and the potential of 

AMPS as a CO2 remediator in an enclosed space. 

 

4.7.1 Trial Proof of Concept Testing of Carbon Dioxide Remediation by the Active 

Modular Phytoremediation System Prototype at the Center for 

Biotechnology and Interdisciplinary Studies 

 A trial equipment test was conducted on February 19, 2015, made possible by a 

collaboration between the Center for Biotechnology and Interdisciplinary Studies (CBIS), the 

Center for Architecture, Science and Ecology (CASE) at Rensselaer Polytechnic Institute (RPI), 

the Rensselaer Department of Cognitive Science, and Entertaining Health (EH) as an external 

collaborator the functionality of the IDWSN has been confirmed. Figure 22 illustrates preliminary 

sensor data obtained during the trial equipment test. The take-away from this illustration is that 

the CO2 concentrations rose with twelve human subjects in a sealed conference room, and the CO2 

concentrations were reduced after AMPS was introduced to the room, despite an upward trend of 

CO2 concentrations without the green walls in the room. This supports further exploration of a 

beneficial CO2 remediation method as a result of deploying AMPS in a human occupied space, 

while also establishing expected behavior of the IDWSN software and hardware. This trial 

equipment test lacked a series of controls and should not be used to draw any conclusions about 

AMPS performance or human productivity and performance. Further investigation is required to 

complete an appropriately controlled experiment. 
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Figure 22: Trial Equipment Test Obtaining Carbon Dioxide Concentrations as 

Expected of the Hardware and Software Systems. This trial equipment test produced 

sensor readings in the range of expectations as a result of placing twelve human subjects in a 

room and sealing it to contain the CO2. In addition, once AMPS was introduced to the room 

with human subjects, a reduction in CO2 was also observed. This trial equipment test lacks a 

number of controls and simply illustrates operable equipment, and therefore it should not be 

used to draw conclusions about AMPS or human productivity and performance. The room 

plan in this figure was developed by Mohamed Aly and Naomi Keena. 

 

 

4.8 Conclusion 

The AQSN and PPSN will be critical components of future investigations and research. 

This thesis documents the developed IDWSN components and individual devices with the 
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intention of permitting reproduction by future investigators in this research area. The IDWSN has 

been confirmed as functional, and trial equipment tests completed. Additional development will 

be required to calibrate the sensors, abate noise more thoroughly, develop hardware enclosure 

robustness, and curate data within more functional database systems that include contextual 

information about hardware, software, and data sets.   
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5. RESULTS: TOWARDS DESIGN PARAMETERS AND CALCULATIONS FOR 

FULL-SCALE ARCHITECTURAL DEPLOYMENT 

 

5.1 Life Safety in a Sealed Building Context: Extensions in Human Survival Days 

Related to Carbon Dioxide Toxicity 

As a result of the available literature on Golden Pothos CO2 remediation (Lee & Kang, 

2015), a preliminary predictive model has been created. This model will require validation with a 

series of additional experiments to quantify and qualify the potential contribution of growing 

media, leaf area, lighting levels and cycles, and nutrient load on the rate of CO2 amelioration. The 

current literature only provides a single reference point in regards to Golden Pothos CO2 

remediation, and extrapolating to other configurations of the above variables is thus somewhat 

speculative.  

Table 11 provides the preliminary values with which calculations will be conducted to 

create a predictive model of how the installation of Golden Pothos foliage is expected to impact 

human survival days with respect to CO2 toxicity given the data available thus far. The intention 

of this model is to create a framework with which these values can be updated as additional data 

becomes available, and to have all of the following results update automatically as a result. This 

enables expedient adaptation to new data and an increasingly accurate predictive model as 

additional information becomes available. 
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Table 11: Summary of Constants for Calculation of Human CO2 Exposure Results. 

The calculations throughout the remainder of this section rely on the following constants. As 

new literature is released, or as further investigations are completed at RPI, these values can be 

changed to update the calculations, tables, and figures automatically. 

Description Value Unit Source 

Illuminance of Golden 

Pothos 
1,500 lux (Lee & Kang, 2015) 

Approximate Ambient 

Concentration 
0.04 % (Tans & Thoning, 2008) 

Cognitive Function 

Significantly Impaired (Low) 
0.10 % (Allen et al., 2015; Satish et al., 2012) 

Cognitive Function 

Significantly Impaired 

(Moderate) 

0.25 % (Allen et al., 2015; Satish et al., 2012) 

Eight Hour Exposure Limit 0.50 % 

 (American Conference of 

Governmental Industrial Hygienists, 

2005; National Institute for 

Occupational Safety and Health, 

2007; Occupational Safety and 

Health Administration, 1983) 

Ten Minute Exposure Limit 3.00 % 

(American Conference of 

Governmental Industrial Hygienists, 

2005) 

Immediately Toxic 4.00 % 

(American Conference of 

Governmental Industrial Hygienists, 

2005) 

Intoxication 5.00 % 

(American Conference of 

Governmental Industrial Hygienists, 

2005; National Institute for 

Occupational Safety and Health, 

2007) 
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Description Value Unit Source 

Loss of Consciousness 7.00 % 
(National Institute for Occupational 

Safety and Health, 2007) 

Acute Loss of 

Consciousness, Death 
10.00 % 

(National Institute for Occupational 

Safety and Health, 2007) 

Human CO2 Released Per 

Hour 
34,150 mg (Dougan & Damiano, 2004) 

Average Golden Pothos Leaf 

Area in AMPS Cassette 
0.23 m2 

Connor Pinson’s 

Field Measurements of AMPS 

CO2 Remediation by Golden 

Pothos in 24-Hours 
1,715 

mg / m2 

Leaf Area 
(Lee & Kang, 2015) 

Baseline CO2 of Building Air 

Intake 
0.04 % (Tans & Thoning, 2008) 

Total Room Volume 300,000 m3 CASE Testbed in Bronx, New York 

 

 

Table 13 predicts both the baseline human survival days to CO2 toxicity levels and the 

increase in human survival days as a result of 285 Golden Pothos plants. Although this is a 

summary that assumes five human occupants, a table pro-rated to one human occupant can be 

found in Appendix 4. This data assumes conditions similar to those in the referenced experiment 

(Lee & Kang, 2015), including 1,500 lux of diffuse fluorescent lighting provided to the Golden 

Pothos foliage, small potted Golden Pothos plants in glass pots (presumably under six months in 

age based on the size of the chamber), a single inoculation of chemically sourced CO2 at 1,000 

ppm with diminishing experimental CO2 concentration as remediation takes place, constant dry 

bulb temperature of 28°C, relative humidity of 40%, and a four-week lighting cycle conditioning 

period at uncontrolled ambient CO2 levels.  

Table 13 assumes a building of approximately 300,000 m3 of air volume that perfectly 

seals itself off from all air exchange with the outdoors, with initial baseline CO2 of 400 ppm, 

equipped with 285 Golden Pothos plants with leaf area comparable to that of the AMPS 
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installation in CBIS but with CO2 remediation characteristics similar to those in the reference 

experiment. Because the reference experiment only provides a single data point, the table 

assumes the building is in a constant psychrometric state similar to the experimental conditions. 

The model therefore needs additional improvements that will be made possible through future 

investigation and validation. 

The calculation begins with a general formula for calculating the expected volume of pure 

CO2 within the total volume of air that is assumed to be contained by a building or closed 

experimental apparatus. This formula is used several times: 

 

	 	 	 	 	% . ( 1 ) 

 

The molar mass of CO2 is 44.01g/mol. At standard temperature and pressure (STP) 

(using the universal gas constant 0.0821 L atm K-1 mol-1), it is calculated that there are 1.96 grams 

of CO2 per liter of air: 

 

	 	 	 	 	 	 44.01 1 0.0821 273

. 	 . 
( 2 ) 

 

 With this value, the typical release of CO2 by humans is calculated in grams per hour. A 

value of 0.31 liters per minute of CO2 released by a human on average is used (Dougan & 

Damiano, 2004). The conversion is then made from minutes to hours, and from liters to grams, 

the average rate of human CO2 release is found to be approximately 36.5 grams of CO2 per hour:  
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	 	 	 	 0.31 60 1.96 	

. . 
( 3 ) 

 

Although grams per hour is a useful metric, comparison against CO2 toxicity standards 

necessitates conversion to cubic meters per hour: 

 

	 	 	 36.5 2
1.96 2

0.001

. 	 . 

 

( 4 ) 

 

With these calculations for human CO2 released in cubic meters per hour, a comparison 

will be made with the time it will take to reach human exposure CO2 toxicity concentrations 

without interventions. This reveals a source of error, as varying physiological responses among 

occupants to elevated CO2 concentrations are expected, so this analysis is dependent on a number 

of factors and would eventually be based on occupancy profiles. To complete the calculations, 

however, a broad estimation of the CO2 remediation rate of the Golden Pothos foliage is utilized. 

A CO2 remediation rate of 70 ppm per 1,000 cm3 of Golden Pothos foliage leaf area per day is 

taken from the literature as a projection (Lee & Kang, 2015). The daily CO2 remediation rate is a 

daily average, and accounts for both CO2 sequestration and release by the potted Golden Pothos 

plant and growing media. 

This value is then converted to meters cubed per hour to coincide with the other values 

established. By converting to percentages, the same calculation methodology can be utilized as in 

the prior equations. The resulting values then represent the percentages of CO2 that would have 

been removed from the volume of the experimental apparatus in the reference experiment, if the 

Golden Pothos plants had possessed a leaf area total of 1.0 m2. Leaf area typically refers to the 

single-sided area of the leaf that is facing the electromagnetic radiation source. In the case of 
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Golden Pothos, this is the top of the leaf facing the electromagnetic radiation source. Leaf area 

does not refer to both sides of the leaf, since only one side is being photosynthetically activated by 

delivery of electromagnetic radiation. This calculation is expressed as: 

 

	 	% 70 10,000 10 	%

%	 . 

( 5 ) 

 

 In order to calculate the effective milligrams of CO2 sequestered independent of 

apparatus size, by each square meter of Golden Pothos leaf area, the density of air at 1.225 kg/m3 

is converted to milligrams per cubic meter. The referenced experiment indicates a 20-liter air 

capacity for the experimental apparatus, so this is converted to meters cubed for consistency. 

Then, the CO2 percentage concentration from the prior equation is used to calculate the resulting 

mass of CO2 remediation per meter squared by Golden Pothos leaf area. This value is central to 

the preliminary predictive model created: 

 

	 	 	 	

1.225 1,000,000 20	 0.001 70%	

, 	 .  

( 6 ) 

 

Yo compare the predicted Golden Pothos remediation rates with the human rates of CO2 

production, this Golden Pothos remediation rate is next converted to meters cubed of CO2 per 

hour: 
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17,150 	 2
2	 	 	

0.23	 2	 	
	 24	 1,000	

	 2
1.96 2

0.001 3
. 	 . 

( 7 ) 

 

Table 12 shows the result of comparing human CO2 release with the predicted 

remediation rates estimated for Golden Pothos plants. If a given quantity of humans were to 

survive indefinitely, preliminary estimates suggest that each individual would require on the 

order of at least 225 Golden Pothos plants to avoid CO2 intoxication in the long term. 

 

Table 12: Golden Pothos Plants Required for Indefinite Human CO2 Exposure 

Survival in a Closed-Loop Building or Experimental Apparatus Context. In order for 

one human to survive indefinitely within the context of a sealed building with no alternative 

sources of CO2 amelioration, 225 Golden Pothos plants would be required. These values are 

directly proportional to the number of humans. Constants used to calculate these values are 

defined in Table 11. 

Humans
Golden Pothos Plants Required 

for Indefinite Survival 

1  225 

5  1125 

10  2235 

15  3345 

20  4455 

25  5565 

30  6675 

35  7785 

40  8895 

45  10005 

50  11115 
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Within the context of this thesis and its relationship to the contemporary and future 

conditions of changing air streams as a result of climate change and human activities, this 

exercise has been undertaken to represent the extreme condition of a building security breach 

requiring indefinite survival without outside air. The goal is therefore to understand to what 

degree photosynthetic building air handling systems may theoretically provide relief from rapidly 

deteriorating outdoor air quality. At the same time, such an extreme condition provides a useful 

baseline for examining CO2 remediation in the face of extreme threats to urban air quality 

streams from climate change and urbanization. In analyzing the predicted survival for a group of 

25 humans (Table 13), 25 humans could survive over 700 days before reaching 3% CO2 

concentration and suffering from intoxication without any Golden Pothos. 285 Golden Pothos 

within the sealed building extends this period by approximately 35 days: 

 

	 	 	

	 	 	% 	 	 	 	 	%

	 	 	 	

	 24 . 

( 8 ) 

 

The results of Table 13 may also be converted to a predicted percentage increase in 

human survival, in days, for each CO2 toxicity level. The resulting Table 14 indicates an agreement 

across the various CO2 toxicity levels: independent of the toxicity level assumed, the percentage 

increase in human survival days is the same. This agreement is assumed in Figure 23, which 

relates the percentage increase in human survival days to human occupancy of the building. 
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Table 13: Predicted Baseline Human Survival Days with Zero Golden Pothos and 

Increase in Human Survival Days to CO2 Toxicity (0.10 - 3.00%) in a 300,000 m3 

Space as a Result of 285 Golden Pothos. The predicted baseline (B) is an estimate of 

human survival days with zero Golden Pothos and no alternative CO2 remediation capabilities, 

in the context of a 300,000 cubic meter building sealed off from outdoor air streams. The 

increase (I) predicted in human survival days at each specified CO2 concentration as a result of 

285 Golden Pothos being added to the building is also indicated.  

  

Carbon Dioxide Concentration in Percent 

B 

(0.10) 

I 

(0.10) 

B 

(0.25) 

I 

(0.25) 

B 

(0.50) 

I 

(0.50) 

B 

(3.00) 

I 

(3.00) 

Q
u

a
n

ti
ty

 o
f 

H
u

m
a

n
s 

1 INF. INF. INF. INF. INF. INF. INF. INF. 

5 270.7 190.2 947.4 665.5 2,075.4 1,457.8 13,354.5 9,380.8 

10 62.1 21.8 217.3 76.3 475.9 167.2 3,062.5 1,075.6 

15 35.1 8.2 122.7 28.7 268.8 62.9 1,729.5 405.0 

20 24.4 4.3 85.5 15.0 187.3 32.9 1,205.0 211.6 

25 18.7 2.6 65.6 9.2 143.7 20.2 924.6 129.9 

30 15.2 1.8 53.2 6.2 116.6 13.6 750.1 87.8 

35 12.8 1.3 44.8 4.5 98.1 9.8 631.0 63.3 

40 11.0 1.0 38.6 3.4 84.6 7.4 544.5 47.8 

45 9.7 0.8 34.0 2.7 74.4 5.8 478.9 37.4 

50 8.7 0.6 30.3 2.1 66.4 4.7 427.4 30.0 
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Table 14: Predicted Baseline Human Survival Days with Zero Golden Pothos and 

Increase in Human Survival Days to CO2 Toxicity (4.00 - 10.0%) in a 300,000 m3 

Space as a Result of 285 Golden Pothos. The predicted baseline (B) is an estimate of 

human survival days with zero Golden Pothos and no alternative CO2 remediation capabilities, 

in the context of a 300,000 cubic meter building sealed off from outdoor air streams. The 

increase (I) predicted in human survival days at each specified CO2 concentration as a result of 

285 Golden Pothos being added to the building is also indicated.  

  

Carbon Dioxide Concentration in Percent 

B 

(4.00) 

I 

(4.00) 

B 

(5.00) 

I 

(5.00) 

B 

(7.00) 

I 

(7.00) 

B 

(10.0) 

I 

(10.0) 

Q
u

a
n

ti
ty

 o
f 

H
u

m
a

n
s 

1 INF. INF. INF. INF. INF. INF. INF. INF. 

5 17,866 12,550 22,378 15,719 31,401 22,058 44,936 31,565 

10 4,097 1,439 5,132 1,802 7,201 2,529 10,305 3,619 

15 2,314 541.8 2,898 678.6 4,067 952.2 5,820 1,363 

20 1,612 283.1 2,019 354.6 2,834 497.6 4,055 712.1 

25 1,237 173.8 1,549 217.7 2,174 305.4 3,111 437.1 

30 1,004 117.5 1,257 147.2 1,764 206.5 2,524 295.5 

35 844.2 84.7 1,057 106.1 1,484 148.9 2,123 213.1 

40 728.5 64.0 912.4 80.1 1,280 112.4 1,832 160.9 

45 640.7 50.0 802.5 62.6 1,126 87.9 1,611 125.8 

50 571.8 40.2 716.2 50.3 1,005 70.6 1,438 101.0 

 

 

 A formula for the increase of human survival days as a function of human occupancy of 

the building now emerges from the results. Table 15 is a conversion of Table 13 and Table 14 to a 

percentage increase in human survival days at each CO2 concentration specified. Equation 1 has 

emerged from Table 15 and Figure 23, and this calculation can be used to predict a percentage 

increase in human survival days as a function of human occupancy. The value x represents the 



99 
 

human occupancy, and the value y represents percent increase in human survival: 

 

	 	
351.225

	
. ( 9 ) 

 

Table 15: Predicted Increase in Human Survival Days to a Range of CO2 

Concentrations in 300,000 m3 as a Result of 285 Golden Pothos. Table 13 and Table 14 

are converted to percentage increases in human survival days yields the following percentage 

increases, and the increases remain constant across all CO2 concentrations.  

  

Carbon Dioxide Concentration in Percent 

0.10  0.25  0.50  3.00  4.00  5.00  7.00  10.0 

Q
u
an

ti
ty
 o
f 
H
u
m
an

s 

5  70.24  70.24  70.24  70.24  70.24  70.24  70.24  70.24 

10  35.12  35.12  35.12  35.12  35.12  35.12  35.12  35.12 

15  23.41  23.41  23.41  23.41  23.41  23.41  23.41  23.41 

20  17.56  17.56  17.56  17.56  17.56  17.56  17.56  17.56 

25  14.05  14.05  14.05  14.05  14.05  14.05  14.05  14.05 

30  11.71  11.71  11.71  11.71  11.71  11.71  11.71  11.71 

35  10.03  10.03  10.03  10.03  10.03  10.03  10.03  10.03 

40  8.78  8.78  8.78  8.78  8.78  8.78  8.78  8.78 

45  7.80  7.80  7.80  7.80  7.80  7.80  7.80  7.80 

50  7.02  7.02  7.02  7.02  7.02  7.02  7.02  7.02 
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Figure 23: Predicted Percent Increase in Human Survival Days to CO2 Toxicity in 

a 300,000 m3 Building as a Result of 285 Golden Pothos. The predicted percent 

increase in human survival days provides a simplified formula to estimate the extent to which 

Golden Pothos plants enhance life safety in a building deprived of outside air. Regardless of 

the CO2 concentration at which toxicity is assumed, the percentage increase in human 

survival days remains constant. This formula includes several assumptions that will likely 

not remain accurate as research develops. The constants and calculations leading up to this 

figure should be updated as additional research investigations are completed. 
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6. CONCLUSION 

6.1 Recommendations 

Within the results of this thesis, the indefinite survival of at least one human has been 

calculated and is predicted to be possible with a system equivalent to 225 Golden Pothos plants or 

more. One of the CASE full building testbeds in the Bronx, New York, has 288 Golden Pothos 

plants and is a suitable testbed for future indefinite survival investigations. This provides a 

baseline for future development of the calculations and constants that determine the final 

predictive model. There are several constants that require validation in future experiments due to 

a variety of shortcomings in the referenced literature, including a lack of detail in the reported 

methods. To further the predictive models, two primary avenues of development should be 

followed. The first is to evaluate the cognitive effects in emergency call center workers that result 

from low-to-moderate CO2 concentrations, as well as their consequences regarding human life 

and cost of goods, services, and property lost. The second is to quantify the potential ability to 

reduce the circulation of indoor air within buildings, as well as the potential ability to reduce the 

admission of outdoor air to the indoor air stream, which will have direct implications for the 

energy efficiency of a building’s HVAC systems.  

 

6.2 Directions for Further Research 

Several areas of further research have been reviewed throughout this thesis. As a 

summary, further research will be required in three primary areas to further this research. The 

first is to investigate the capabilities of Golden Pothos plants with respect to CO2 remediation at 

the laboratory scale, involving the characterization of the foliage independently, the growing 

media independently, and the plant as a whole, under a variety of temperature, humidity, 

electromagnetic radiation, development stage, growing media constituent, and nutrient delivery 

configurations. The second is to investigate the ability to apply these laboratory results for Golden 

Pothos plants to building-scale apparatus such as AMPS, by conducting studies on individual 
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cassettes and the full system in configurations identified as most effective in CO2 remediation in 

the preliminary laboratory-scale testing. Finally, the third is to investigate the ability of 

photosynthetic CO2 remediation methods such as AMPS to improve human productivity and 

performance as they diminish low-to-moderate CO2 concentrations to baseline levels. The AQSN 

and PPSN will be essential to these future areas of research, and they have been designed with 

these future investigations in mind. 
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Appendix 1 Air Quality Sensor Node Electronic Device Specifications 

ID Code Device Description Manufacturer Model Number 

AQ-M-PiSoC PiSoC Microcontroller Embedit Electronics PiSoC+ 

AQ-M-PiSoC-B PiSoC Breakout Shield CASE at RPI Thesis Development 

AQ-NDIR-CO2 
Carbon Dioxide (CO2) 

Electrochemical Sensor 
Alphasense IRC-A1 

AQ-NDIR-CO2-SC 
AQ-NDIR-CO2 

Support Circuit 
Alphasense IRC-TX 

AQ-ES-CO 
Carbon Monoxide (CO) 

Electrochemical Sensor 
Alphasense CO-B4 

AQ-ES-CO-SC 
AQ-ES-CO 

Sensor Support Circuit 
Alphasense 000-0ISB-00 

AQ-ES-CH2O 

[FUTURE] 

Formaldehyde (CH2O) 

Electrochemical Sensor 

Membrapor CH2O/C-10 

AQ-ES-CH2O-TB 

[FUTURE] 

AQ-ES-CH2O Sensor 

Transmitter Board 

Membrapor TBC/CH2O 

AQ-ES-NO 
Nitric Oxide (NO) 

Electrochemical Sensor 
Alphasense NO-B4 

AQ-ES-NO-SC 
AQ-ES-NO 

Support Circuit 
Alphasense 000-0ISB-01 

AQ-ES-NO2 
Nitrogen Dioxide (NO2) 

Electrochemical Sensor 
Alphasense NO2-B4 

AQ-ES-NO2-SC 
AQ-ES-NO2 

Support Circuit 
Alphasense 000-0ISB-02 

AQ-ES-O2 
Oxygen (O2) 

Electrochemical Sensor 
Alphasense O2-A3 

AQ-ES-O2-SC 
AQ-ES-O2 

Support Circuit 
CASE at RPI Thesis Development 
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ID Code Device Description Manufacturer Model Number 

AQ-ES-O3 
Ozone (O3) 

Electrochemical Sensor 
Alphasense O3-B4 

AQ-ES-O3-SC 
AQ-ES-O3 

Support Circuit 
Alphasense 000-0ISB-03 

AQ-OPC-PM 

[FUTURE] 

Particulate Matter (PM) 

Optical Particle 

Counter 

Alphasense OPC-N2 

AQ-ES-SO2 
Sulfur Dioxide (SO2) 

Electrochemical Sensor 
Alphasense SO2-B4 

AQ-ES-SO2-SC 
AQ-ES-SO2 

Support Circuit 
Alphasense 000-0ISB-00 

AQ-PID-TVOC 

Total Volatile Organic 

Compounds (TVOCs) 

Photo-Ionization 

Detector (PID) 

Alphasense PID-AH 

AQ-PID-TVOC-B 
AQ-PID-TVOC 

Breakout 
CASE at RPI Thesis Development 

AQ-D-NAB 
Sensor Signal Noise 

Abatement Breakout 
CASE at RPI Thesis Development 

AQ-D-I2C-B 
I2C Communication 

Wiring Breakout 
CASE at RPI Thesis Development 

AQ-S-AMF Air Mass Flow Sensor Omron Corp. D6F-P0010A1 

AQ-S-AMF-B Air Mass Flow Breakout CASE at RPI Thesis Development 

AQ-S-DBT/RH 

Dry Bulb Temperature Honeywell Sensing 

and Productivity 

Solutions 

HIH6121-021-001 
Relative Humidity 

AQ-S-BARO Barometric Pressure 

Honeywell Sensing 

and Productivity 

Solutions 

ASDXACX030PAAA5 
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ID Code Device Description Manufacturer Model Number 

AQ-S-DBT/RH-B 
AQ-S-DBT/RH 

Breakout 
CASE at RPI Thesis Development 

AQ-S-PAR Quantum PAR Sensor LI-COR, Inc. LI-190SZ 

AQ-S-PAR-SA 
AQ-S-PAR 

Signal Amplifier 
LI-COR, Inc. EME Amplifier 

AQ-D-AP Air Pump 
Gardner Denver 

Thomas 
Jade 1410VD/1.5/E/DC 

AQ-D-LCD 
Liquid-Crystal Display 

(LCD) 

Newhaven Display 

International 

NHD-C0220BIZ-

FS(RGB)-FBW-3VM 

AQ-D-LCD-B 
AQ-D-LCD 

Breakout 
CASE at RPI Thesis Development 

AQ-S-IRP 
Infra-Red Proximity 

Sensor 
Sharp GP2Y0A41SK0F 

AQ-C-RSS Rotary Selector Switch 
TE Connectivity 

Alcoswitch Switches 
2-435167-1 

AQ-C-RSS-B 
AQ-C-RSS 

Breakout 
CASE at RPI Thesis Development 

AQ-C-PS Power Switch NKK Switches S1AL 

AQ-D-RTC Real-Time Clock Macetech LLC Chronodot V2.1 

AQ-D-RTC-B 
AQ-D-RTC 

Breakout 
CASE at RPI Thesis Development 

AQ-D-WC 
Wireless 

Communications 
Digi International XB24-Z7WIT-004 

AQ-D-WC-B 
AQ-D-WC 

Breakout 
Arduino Wireless SD Shield 

AQ-D-5.0VDC 5.0 VDC Transformer Analog Devices Inc. ADM7150ARDZ-5.0 

AQ-D-5.0VDC-B 
AQ-D-5.0VDC 

Breakout 
CASE at RPI Thesis Development 

AQ-D-3.3VDC 3.3 VDC Transformer Analog Devices Inc. ADM7150ARDZ-3.3 
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ID Code Device Description Manufacturer Model Number 

AQ-D-3.3VDC-B 
AQ-D-3.3VDC 

Breakout 
CASE at RPI Thesis Development 

AQ-D-12VDC 12 VDC Power Supply 
TDK-Lambda 

Americas Inc. 
DSP100-12 

AQ-D-UPS 

Uninterrupted Power 

Supply (UPS) Battery 

Back-up 

ITuner Networks 

Corp. 
OpenUPS2 
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Appendix 2 Air Quality Sensor Node Wiring and Illustrations of 

Electronic Devices Acquired from Manufacturers 
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7 Image reprinted with permission by Brian Bradley and Robert Barron on March 27, 2015. 

8 Image reprinted with permission by John Saffell of Alphasense on April 6, 2016. 
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9 Image reprinted with permission by John Saffell of Alphasense on April 6, 2016. 

10 Image reprinted with permission by John Saffell of Alphasense on April 6, 2016. 
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11 Image reprinted with permission by John Saffell of Alphasense on April 6, 2016. 

12 Image reprinted with permission by Ruedi Stahel of Membrapor on March 29, 2016. 
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13 Image reprinted with permission by John Saffell of Alphasense on April 6, 2016. 

14 Image reprinted with permission by John Saffell of Alphasense on April 6, 2016. 



124 
 

ID
 C

o
d

e
 

Wiring Schematic 

Device Image 
A

Q
-P

ID
-T

V
O

C
15

 

 

 

A
Q

-S
-D

B
T

/R
H

16
 

 

            

A
Q

-S
-B

A
R

O
17

 

 

 

                                                             
15 Image reprinted with permission by John Saffell of Alphasense on April 6, 2016. 

16 Image reprinted with permission by Alisha Neubert of Honeywell Sensing and Control on April 

8, 2016 

17 Image reprinted with permission by Alisha Neubert of Honeywell Sensing and Control on April 

8, 2016 
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18 Image reprinted with permission by Yumiko Matoba of Omron Corp. on April 7, 2016. 

19 Image of LI-190SZ Quantum Sensor and EME Systems Amplifier reprinted with permission of 

Abby Brooke of LI-COR Biosciences on March 28, 2016. 
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20 Image reprinted with permission by Ingrid Lanzi of Thomas by Gardner Denver on March 30, 

2016. 

21 Image of 2x20 RGB Chip-On-Glass Character Display reprinted with permission by Melissa 

Campbell of Newhaven Display International, Inc. in Elgin, IL, U.S.A. and retrieved from 

www.newhavendisplay.com on April 6, 2016. 
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22 Image reprinted with permission by Eric Bleak, courtesy of Sharp Microelectronics of the 

Americas, on April 8, 2016. 

23 Image reprinted with permission by Jessica Reimann of NKK Switches on April 8, 2016. 
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24 Image reprinted with permission by Garrett Mace of Macetech LLC on April 8, 2016. 

25 Image reprinted with permission by Barbara McEiver of Digi International on April 8, 2016. 
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26 Image reprinted under a creative commons license.  
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27 Image copyright © Analog Devices Inc., reprinted with permission by APZ of Analog Devices 

Inc. on April 8, 2016. 
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28 Image reprinted with permission by Tom Tilman of TDK-Lambda Americas on April 1, 2016 

and retrieved from http://us.tdk-lambda.com/ftp/Specs/dsp.pdf On April 6, 2016. 

29 Image reprinted with permission by Frank Wang of Mini-Box on April 1, 2016, manufactured 

by Mini-Box.com. 
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Appendix 3 Custom Devices Developed for the Air Quality Sensor 
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Appendix 4 Predicted Baseline of Zero Plants and Increase in Human 

Survival Days to CO2 Toxicity in a 300,000 m3 Space as a Result 

of 285 Golden Pothos and Occupancy of 1-50 Humans 

 

 

 


