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Abstract: Maintaining a high standard of indoor air quality (IAQ) is vital to ensuring good human health. The concentration of CO2 in air is a good proxy for IAQ, while high levels of CO2 have been shown to cause cognitive or physiological impairment. Work environments that generate CO2 as an inherent part of their business present a unique and significant risk in terms of poor IAQ. Craft breweries generate CO2 and, unlike larger breweries, often lack the technology to capture and re-use the fermentation CO2 for beer carbonation. The purpose of this study is to demonstrate that the venting of fermentation CO2 and the unintentional venting of CO2 during the filling of CO2 storage tanks can cause the indoor CO2 levels to rise significantly. This is shown by monitoring CO2 levels inside an Australian craft brewery using a newly developed system containing three Internet of Things (IoT) sensor nodes positioned strategically in different sections of the brewery. The maximum CO2 level recorded was in excess of 18,000 ppm, with the maximum time period levels exceeding 1000 and 10,000 ppm being equivalent to 425 and 26 min, respectively. The identification of differences in measured CO2 at different times and locations throughout the brewery reveals that a single hard-wired CO2 sensor may be inadequate to support IAQ monitoring. For this purpose, a network of portable or wearable CO2 sensor nodes may be most suitable. The battery life of the sensors is a key consideration, and the current sensor battery life is too short. Low-power sensors and communication protocols are recommended for this task.
Keywords: CO2; Internet of Things; sensor; indoor air quality

1. Introduction
The Environmental Protection Agency (EPA) regulates indoor and outdoor air quality in the United States. They have stated that indoor pollutant levels exceed 100 times higher than their outdoor counterparts and have ranked poor air quality in the top 5 environmental risks to public health [1]. It is important to ensure that indoor air quality (IAQ) is free of elevated levels of pollutants that may cause long/short term injury, and this applies both to domestic residences as well as indoor workplaces. The risks associated with poor IAQ are equally relevant across the globe; however, the Australian Building Codes Board (ABCB) states “There are no specific legislated standards for IAQ in Australia, although there are exposure standards set for a range of chemicals in industrial environments” [2].	Comment by MDPI: Please confirm if the italics is unnecessary and can be removed.	Comment by Amer Hawchar: Removed
1.1. Air Pollutants
The main pollutants with regard to IAQ are particle matter (PM), volatile organic compounds (VOCs), nitrous oxides (NOX), ozone (O3), sulfur dioxide (SO2), and carbon oxides (CO and CO2). Other pollutants include heavy metals, aerosols, radon (Rn), pesticides, biological allergens and microorganisms [3].
PM is defined as fine carbonaceous particles that are associated with absorbed organic chemicals and reactive metals [3]. PM is caused by particles that migrate from outdoor environments, or particles generated indoors via cooking, combustion of fossil fuels, smoking, or machine operation [3]. PM of diameter <0.1 μm is of extreme concern as it can be inhaled deep into the lung’s alveoli, which can affect the lungs and heart, potentially leading to serious health injuries [3–5].
VOCs are gaseous organic compounds that contain chemicals emitted from liquids or solids [6], and formaldehyde is the most common [3]. VOCs are released from cooking, smoking, use of cleaning or personal care products, indoor chemical reactions, penetration of outdoor air, and building materials [7–11]. VOCs can affect humans via inhalation, ingestion, or dermal contact [3]. Long-term exposure can potentially cause cancer [12].
NOX consists of nitric oxide (NO) and nitrogen dioxide (NO2) gases, commonly caused by combustion sources [13]. Elevated levels of NOX can cause increased asthmatic reactions and respiratory damage [13].
Ozone is produced by the photochemical reactions of atmospheric O2, NOx, and VOCs [3]. Ozone reacts with indoor pollutants, which can create products that irritate humans, via inhalation or skin exposure, and damage materials [3,14]. Ozone indoors emerges mainly from electrical devices and penetration of the outdoor air [15].
Sulfur dioxide is a gas that is most commonly produced by the combustion of fossil fuels and can combine with aerosols or PMs [16]. SO2 is emitted indoors by vented gas appliances, oil furnaces, tobacco smoke, kerosene heaters, and coal or wood stoves [17]; however, it can also enter indoor spaces via penetration from outdoor air [18]. The hourly concentration of SO2 indoors is often below 20 ppb [19]. Exposure to SO2 can impair respiratory function via inhalation [3].
COX consists of carbon monoxide (CO) gas and carbon dioxide (CO2) gas. CO gas is produced indoors by combustion processes; however, it can also enter indoor spaces via the penetration of outdoor air [20]. The average concentration of CO indoors without a combustion source is equal to 0.5–5 ppm; however, when a gas stove is added, CO levels can rise higher than 30 ppm [3]. Exposure to low concentrations of CO can impact cardiovascular and neurobehavioral processes, while high concentrations can cause unconsciousness or death [21].
1.2. Carbon Dioxide as a Pollutant
CO2 is a colorless and odorless gas that exists in the atmosphere at levels of approximately 400 ppm. CO2 is often produced indoors by the human respiratory system, combustion of fossil fuels and fermentation. In recent years, the CO2 level indoors has been used as a proxy for the assessment of IAQ [22–24]. Cognitive performance is impacted by CO2 levels exceeding 1000 ppm, which includes decision making and problem resolution [25–28], while CO2 levels exceeding 10,000 ppm results in impaired physiological effects such as increased respiratory rate, respiratory acidosis, metabolic stress (decreased blood calcium or urine phosphorus), increased brain blood flow, and increased minute ventilation [29–32].
[bookmark: _Hlk118403224]Work environments that generate CO2 as an inherent part of their business present a unique and significant risk in terms of IAQ. An example is breweries, who generate CO2 as a by-product of fermentation, where yeast turns glucose into alcohol and CO2, something that is a critical part of beer production. For relatively large breweries, technology exists to capture and re-use the fermentation CO2 for beer carbonation; however, this technology is inaccessible to smaller breweries due to its high costs. In the case of small or medium-sized breweries, CO2 is normally vented from the fermentation tanks directly to the indoor environment. CO2 for carbonation is usually purchased separately and is directly pumped into large indoor/outdoor storage tanks via delivery trucks. The venting from fermentation and the unintentional venting from CO2 storage tank refilling presents a risk that could cause indoor CO2 levels to exceed safe limits, and therefore adequate CO2 monitoring systems must be present.
1.3. Carbon Dioxide Monitoring
Craft breweries in Australia typically use a single hard-wired CO2 monitoring system (Figure 1) to track IAQ and prevent possible health effects. Such alarms trigger when extremely high levels of between 15,000 and 30,000 ppm are detected. This limits the effectiveness of the system in two ways: Firstly, as the sensor is fixed, it cannot monitor individual areas of the workplace. This may put workers at risk who are in unmonitored areas. Secondly, the alarm only triggers at extremely high levels; therefore, the workers may be regularly at risk of low-level CO2 side-effects such as decreased cognitive performance without realizing. Furthermore, since brewery workers are consistently engaged in manual tasks, e.g., using forklifts, lifting heavy products, and hosing down equipment, which may leave the floor wet, there is an increased risk of work-related injuries occurring.
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Figure 1. An example of a hard-wired CO2 monitoring system used in an Australian brewery.
In recent years, research has been conducted to improve the aforementioned systems by including more sensitive sensors, Internet of Things (IoT) connectivity and improved data collection and dashboarding software.
In reference [33], Tran et al. (2017) developed a battery-free sensor that is capable of monitoring IAQ in real-time, though not specifically CO2. The sensor consisted of three main components, an entirely passive ultra-high frequency (UHF) smart tag for communication with a UHF radio frequency identification (RFID) reader, a smart sensing module with ultra-low power sensors and a microcontroller unit (MCU), and a radio frequency (RF) energy harvester. The sensor system measured the concentration of volatile organic compounds, ambient temperature, relative humidity, and atmospheric pressure. The sensing circuit that was designed using ultra-low power sensors and a microcontroller unit (MCU) consumed only 0.5 mW.
In references [34–37], Marques et al. (2019), Kim et al. (2014), Pitarma et al. (2017), and Abraham et al. (2014) developed systems that used IoT architecture for monitoring IAQ using microsensors for data acquisition and open-source technology for both processing and data transmission, while allowing the data collected to be accessed, in real time, from various sites simultaneously though the web and/or mobile applications.
In reference [34], Marques et al. (2019) developed the iAirCO2 system, a method that real-time monitored CO2 levels using IoT. The iAirCO2 was composed of a hardware prototype for ambient data collection, web/smartphone software for data collection via Wi-Fi, and an SQL Server. The primary reason was to enhance living environments by providing IAQ data that can be accessed by doctors in order to support medical diagnostics.
Kim et al. (2014) [35] developed a system that monitored particulate matter, ozone, carbon monoxide, carbon dioxide, nitrous oxides, sulfur dioxide, VOCs, temperature, and humidity. The system contained a prototype sensor module that used a Raspberry Pi, while incorporating a smoothing algorithm to prevent temporary sensor errors, and an aggregation algorithm to reduce the network traffic and power consumption. The main focus was to monitor IAQ on a real-time basis in urban ecosystems.
In reference [36], Pitarma et al. (2017) developed a wireless sensor network for the monitoring and collection of IAQ using Arduino, XBee modules/microsensors and ZigBee protocol. Temperature, humidity, carbon monoxide, CO2 and luminosity data were monitored and later accessed via an Android application and a web portal. The purpose of this research was to provide an effective indoor air quality assessment to prevent sick building syndrome.
Abraham et al. (2014) [37] developed a simplified ZigBee system for IAQ monitoring applications using the Arduino platform. The system consisted of low-cost CO2, VOC, temperature and humidity sensors; however, the system did not provide any mobile computing solution for IAQ evaluation or analytics. The objective was to reduce indoor air pollution to improve public health.
1.4. Carbon Dioxide Monitoring inside a Working Brewery
CO2 IAQ testing inside craft breweries using IoT technology is relatively new and therefore prior research is limited; however, in reference [38], Huizen (2020) developed a wearable system that used IoT to monitor brewery IAQ, but the system was bulky and relatively difficult to implement due to the inclusion of a Raspberry Pi, camera, power supply and CO2 sensor that had to be worn like a backpack at all times.
The purpose of this research was to expand on previous research outlined above by creating a low cost, portable and easy to implement method of monitoring IAQ. The novelty of this work is its focus on ensuring safe working environments inside breweries by monitoring and recording the CO2 levels using IoT and open-source technology.
2. Methodology
A working brewery in Sydney, Australia was selected as the use case to investigate the dynamic concentration of CO2 over the course of various working cycles during a period of two months. The brewery produces approximately 1.3 million liters of beer annually, is approximately 900 m2 in area across 2 levels, has 10 fermentation tanks, 3 bright beer tanks, and 2 water tanks, ranging from 4000–12,000 L. As shown in Figure 24, the brewery top floor contains all the fermentation and brewing infrastructure, while the bottom floor contains the office, canning line and bar/dining area. The brewery has some permanent staff supported by a casual workforce of approximately 50 employees, with a maximum of 5 workers working on the top floor, 5 in the canning line, and 3 in the office, at any one time. The main ventilation point of the brewery is the large roller door at the bottom of the ramp and just outside the office. The brewery is equipped with the hard-wired CO2 monitoring system shown in Figure 1.	Comment by MDPI: Figure 4 should be cited after Figure 3, please modify.
Please make sure that the first citation of each figure appears in numerical order.	Comment by Amer Hawchar: Updated
The developed IoT CO2 monitoring system consisted of the physical sensor nodes (Figure 32) and the backend infrastructure (Figure 4). The sensor portion consisted of four lithium ion 18650 batteries (14,000 mAh total) connected in series to a Sparkfun ESP32 Thing board, which receives and transmits data over Wi-Fi from the Adafruit SCD-30 CO2 sensor. The SCD-30 can measure CO2 (ppm) in the range of 400 to 10,000 ppm with a resolution of ± (30 ppm + 3%) ppm [39]. It can also measure air temperature (°C) and humidity (%).	Comment by MDPI: Please check if need to add a comma to indicate thousand, e.g., 18,650. If yes, please modify.
	Comment by Amer Hawchar: Not needed 	Comment by MDPI: Please confirm if the italics is unnecessary and can be removed. The following highlights are the same	Comment by Amer Hawchar: Removed
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Figure 2. A floorplan of the brewery. Sensor positions, X: hardwired. i: Node 1, ii: Node 2, iii: Node 3, W: water tanks, BR1-3: bright beer tank, numbers 1–10 indicate the fermentation tank numbers, the arrow indicates the CO2 storage.	Comment by MDPI: Please use the correct subscript format for CO2.
	Comment by Amer Hawchar: Updated	Comment by MDPI: 
Some contents of this figure are not legible. Please replace the image with one of a sufficiently high resolution (min. 1000 pixels width/height, or a resolution of 300 dpi or higher). For example,

	Comment by Amer Hawchar: Removed unreadable text 	Comment by MDPI: Please check if this red contents need to be explained, if yes, please add. Please confirm all necessary explanation have been provide.
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Arduino IDE was used to program and connect the ESP32 boards to the Wi-Fi Access Point, which was the primary network connection. Once connected to the local Wi-Fi network, the sensor nodes were then connected to a Mosquito MQTT Broker instance running on a Raspberry PI under Rasbian OS. The nodes uploaded CO2 data every 30 s by publishing to the broker. Running simultaneously on the Raspberry PI were instances of Node-Red 3.0 and Influx DB 2.0. Node-Red was used to subscribe to the MQTT topics and add any extra tags required to the data before it was written to Influx DB. Each node was given a unique field name in the database and tags were added as needed to provide metadata. Influx DB 2.0 allowed the use of the new graphical user interface previously named Chronograf to integrate the data and find patterns in the CO2 levels.
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Figure 32. IoT CO2 sensor nodes 1-3.	Comment by MDPI: Please check if need to add a comma to indicate thousand, e.g., 18,650. If yes, please modify.	Comment by Amer Hawchar: Not Needed
Arduino IDE was used to program and connect the ESP32 boards to the Wi-Fi Access Point, which was the primary network connection. Once connected to the local Wi-Fi network, the sensor nodes were then connected to a Mosquito MQTT Broker instance running on a Raspberry PI under Rasbian OS. The nodes uploaded CO2 data every 30 s by publishing to the broker. Running simultaneously on the Raspberry PI were instances of Node-Red 3.0 and Influx DB 2.0. Node-Red was used to subscribe to the MQTT topics and add any extra tags required to the data before it was written to Influx DB. Each node was given a unique field name in the database and tags were added as needed to provide metadata. Influx DB 2.0 allowed the use of the new graphical user interface previously named Chronograf to integrate the data and find patterns in the CO2 levels.
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Figure 43. Digital architecture for the sensor network, A: SCD-30 sensor, B: 18650 batteries, WAP: wireless access point, POE: power over ethernet, ETH: ethernet.	Comment by MDPI: Please cite the figure in the text and ensure that the first citation of each figure appears in numerical order.	Comment by Amer Hawchar: Done
Three identical IoT monitoring sensor nodes were assembled to monitor the CO2 levels in three different sections of the brewery’s workplace. The sensors were firstly placed in close vicinity of a pre-existing CO2 monitoring system and calibrated. Node 1 was then placed near the fermentation tanks as this location was where CO2 venting occurred, while Node 2 was placed near the canning line as this was directly below the fermentation tanks and was a suspected location for CO2 since it is denser than air and might sink to this location once released. It is also in close proximity to the bay where CO2 for carbonation is stored. Finally, Node 3 was placed in the office area. Figure 24 depicts the precise location of the nodes and hard-wired alarm at the ground floor and top floor, respectively. An additional manual data stream was created primarily to determine when the brewery was venting CO2. A venting sheet was created and printed for the staff to take note whenever venting occurred. The sheet recorded when (date/time) venting occurred, venting duration, the fermentation tank number and any additional comments. The bright beer tanks (BR1-3) are vessels that contain beer that is ready for packaging and that has already been carbonated. In the case of bright beer tank venting, the vent is done after the beer is transferred out of the tank to packaging (canning) and is done to remove excess CO2 in the tank. Similarly, when the carbonation CO2 storage tank was refilled by a commercial supplier, was also manually recorded.
[image: cid:76b474b5-2e65-465f-b1d3-bb36999542ca]
Figure 4. A floorplan of the brewery. Sensor positions, X: hardwired. i: Node 1, ii: Node 2, iii: Node 3, W: water tanks, BR1-3: bright beer tank, numbers 1–10 indicate the fermentation tank numbers, the arrow indicates the CO2 storage.	Comment by MDPI: Please use the correct subscript format for CO2.
	Comment by Amer Hawchar: Updated 	Comment by MDPI: 
Some contents of this figure are not legible. Please replace the image with one of a sufficiently high resolution (min. 1000 pixels width/height, or a resolution of 300 dpi or higher). For example,

	Comment by Amer Hawchar: Removed unreadable text	Comment by MDPI: Please check if this red contents need to be explained, if yes, please add. Please confirm all necessary explanation have been provide.
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The influx database was observed at the end of every working day to determine any CO2 trends that may have resulted from venting. The following day, the database information was compared to the manual data stream to analyze the impact of the venting and to draw conclusions.
Finally, observation sessions were undertaken in the brewery to record numbers and movements of workers throughout the brewery space.


3. Results and Discussion
A 10-day subset of CO2 venting events within the brewery is summarized in Table 1. Shown is the approximate venting time—as recorded by the brewery staff—along with the duration of the event. Vents occurred for approximately 30 min, unless otherwise stated. This was the case in all but a few cases.
Table 1. A 10-day subset of CO2 venting events within the brewery. Vents occurred for a duration of approximately 30 min, unless otherwise stated.
	Venting Day
	Vent Time (Duration)
	Tank Number

	1
	a	Comment by MDPI: Please check if letters a, b need explanation, if yes, please add.	Comment by Amer Hawchar: Not needed
	2 p.m.PM	Comment by MDPI: Please check if PM/AM should be p.m./a.m., if yes, please modify. Please check the whole paper.	Comment by Amer Hawchar: Updated
	6

	
	b
	7 p.m.PM
	BR2

	2
	a
	2 p.m. PM
	4

	
	b
	4 p.m.PM (Not recorded)
	BR1

	3
	a
	2 p.m.PM
	1

	4
	a
	2 p.m.PM
	8

	5
	a
	10 a.m.AM
	9

	
	b
	2 p.m.PM
	Stored CO2

	6
	a
	9 a.m.AM
	Stored CO2

	
	b
	12 p.m.PM
	3

	7
	a
	11 a.m.AM
	5

	8
	a
	11 AM a.m.(60 min)
	Stored CO2

	
	b
	12 p.m.PM
	2

	9
	a
	12 p.m.PM
	7

	
	b
	1 p.m.PM
	10

	10
	a
	9 AM a.m. (45 min)
	Stored CO2

	
	b
	11 Ama.m.
	8


3.1. Maximum CO2 Concentrations
Figure 5 contains an example extract from the database for the CO2 levels measured in ppm for all three nodes against time for the venting event 5b. The baseline CO2 levels within the brewery workplace prior to venting reside at between 400–700 ppm—values that are reasonable for an indoor setting. Figure 5 also highlights the rise in CO2 levels of all 3 zones that is a direct result of venting at the time recorded of 2 PM.p.m.	Comment by MDPI: Please confirm the format is correct.	Comment by Amer Hawchar: Correct
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Figure 5. CO2 Measured versus time for venting event 5b at 3 measurements locations within the brewery.
The maximum CO2 concentration (ppm) recorded by each sensor node for each venting event is presented in Figure 6. The maximum is deduced by inspecting the time-dependent CO2 concentration for a period of 60 min either side of the nominal vent time, to determine any increase in measured CO2 as a result of venting relative to the baseline concentration. In Figure 5, the rise in measured CO2 occurs at a similar time following venting. Likewise, the peak measured concentration was reasonably similar at each node. However, this was not always the case and distinct differences both in peak concentration and time to respond varied significantly, without clear or explainable correlations. This is apparent in Figure 6, where there is no obvious relationship between one region of the brewery accumulating CO2 more readily than any other. Likewise, this does not appear to be significantly influenced by which tank is vented. In three cases (7, 8a and 10b), no discernible increase in CO2 is apparent. However, in the majority of cases, a significant rise in CO2 is detectable. One might expect that CO2 would accumulate in one area more than others; however, this seems not to be the case when fermentation tanks are vented, irrespective of the position of the tank. Likewise, while the vent durations are almost always 30 min, it is likely that the vented volume of CO2 is significantly different in each case, due to differences in flow rate. It would be interesting in future to equip the vessels with flowmeters to record the volume and rate of CO2 introduction into the brewery, rather than the time. Equally, there is no indication that longer venting times, e.g., 8a and 10a, lead to higher levels of recorded CO2.
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Figure 6. Maximum CO2 measured by each sensor node for every venting event.	Comment by MDPI: 
Please use commas to separate thousands for numbers with five or more digits (not four digits) in the picture, e.g., “10000” should be “10,000”.	Comment by Amer Hawchar: Updated 
While it is perhaps surprising that clearer trends are not apparent, this is likely explained by the complicated air movements within the brewery space, influenced by the movement of people, the use of fans and the presence of a roller door that remains mostly open during working hours, meaning outdoor air flow (wind speed and direction) can play a significant role in how the vented gas moves within the brewery space.
The maximum CO2 levels recorded for each node are 18,420 ppm for Node 1 (fermentation tanks), 5538 ppm for Node 2 (the canning line) and 13,100 ppm for Node 3 (the office). It should be noted that the sensor remains accurate to an upper limit of only 10,000 ppm, so values above this are indicative only. That said, the maximum CO2 levels are well above the 1000 and 10,000 ppm benchmarks, and it can also be seen from the results that almost every vent, approximately 65% (11/17), have directly influenced excessive CO2 levels above 1000 ppm.
It is likely that the observation of the maximum CO2 level of 18,420 ppm results from a “perfect storm” of influencing factors. The corresponding venting event took place at 7 p.m.PM, therefore the main source of ventilation (roller door) was not present, as it was shut at roughly 5 p.m.PM every working day. At the canning line, the CO2 peak reaches almost 4000 ppm for the same venting event. For the sensor in the office, a peak is not noticed since the door to the office was also closed at approximately 5 p.m.PM, likely impeding the transfer of air from the main brewery zone. Importantly, it was indicated by the staff that venting after 5 p.m.PM is not an uncommon occurrence. This leads to the possibility of very high and dangerous levels of CO2 being in the brewery space.
Venting event 6a also generates large concentrations of measured CO2. This occurs as a result of a refill of CO2 storage tanks within the building and is most likely due to vapor from liquid CO2 unintentionally venting. Since this process occurs close to the office (Node 3), it is not surprising that Node 3 detects the highest concentration of CO2—approximately 13,000 ppm. This again raises a concern for office staff working in the office, as the CO2 level remains above 10,000 ppm for 26 min in this case.
The time (mins) that the CO2 level remained above 1000 ppm for each node for each venting occurrence is presented in Figure 7.
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Figure 7. Consecutive time the CO2 concentration remained above 1000 ppm for each venting event.
The maximum consecutive amount of time CO2 levels exceed 1000 ppm for each node is 425 min for Node 3, 78 min for Node 1 and 53 min for Node 2. 10,000 ppm is exceeded in two cases for durations of 26 min for Node 3 and 3 min for Node 1. High CO2 levels coupled with the extended periods of potential exposure have the potential to create a hazardous working environment for the brewery staff due to physiological and/or cognitive effects, combined with the nature of work, as discussed in Section 1.2.
For venting events 2a, 6a, 8a, and 10a, where all 3 nodes exceed 1000 ppm, sensor Node 3 measures the longest period for CO2 levels above 1000 ppm, indicating that the office area is not well-ventilated compared to other areas of the workplace and strategies should be considered to reduce the excessively long periods (up to 425 min) when CO2 exceeds 1000 ppm.
Huizen (2020) [38] measured the CO2 level inside several breweries ranging from small (<10000 bbls) to large (>100,000 bbls), with the current tested brewery being equivalent to a small brewery. Huizen (2020) recorded that the 95% confidence interval of small breweries tested ranged from 2422–2851 ppm. This result reinforces our finding that high concentrations of CO2—well above background levels—can be found in breweries. However, it is difficult to directly compare with the results achieved by our system for two reasons. Firstly, Huizen‘s system consisted of a wearable, mobile sensor, not a network of static sensors. Secondly, and perhaps of most significance, our work focuses on the peaks of CO2 exposure for periods of CO2 venting. Our assumption is that Huizen might also have noted extremely high peaks had the mobile sensors been close to fermentation tanks during indoor exposure, using high sampling frequency.
3.2. Beyond a Single Hard-Wired Sensor	Comment by MDPI: Section headings should be numbered sequentially. Please confirm this revision.	Comment by Amer Hawchar: Confirm
The concentration of CO2 within the air in the brewery is clearly influenced by the venting of fermentation tanks. However, the identification of differences in measured CO2 at different times and locations throughout the brewery (Nodes 1–3) reveals that a single hard-wired CO2 sensor may be inadequate to support IAQ monitoring. This strengthens the need to have a network of CO2 sensors inside a craft brewery. For this purpose, portable or wearable CO2 sensor nodes might be more suitable, imitating the approach taken to radiation dosimetry, for example. This would allow the monitoring of CO2 levels for the purpose of protecting the workforce and could safeguard the entire workplace, including inside fermentation tanks where workers often have to place their head, without the need for multiple hard-wired sensors in each area. They could also allow the workers to be warned in real-time of potential CO2 dangers that may occur if they proceed with a task.
For portable or wearable sensors the battery life (hours) for each sensor node is a key consideration. While a hard-wired sensor receives constant power, a portable sensor would create a battery replacement/recharging burden. Therefore, a relatively long battery life is required in order for the sensors to be properly used. In Figure 8, the average battery life for the 3 sensor nodes is presented.
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Figure 8. Sensor node battery life.
The largest battery life was measured for Node 2, at approximately 10 days. However, the battery life of Node 1 was only approximately 4 days. This meant that the batteries for each node had to be changed every 4 days for consistency. The large difference in battery life was mainly attributed to the distance between the sensor node and wireless access point, with larger distances resulting in less battery life due to more power being used to transmit data. This, however, was not the only attributing factor to reduced battery life, as another factor was obstacles in the workplace between the sensor nodes and wireless access point such as piled up cans and kegs.
The extremely short battery life of the current sensor network leaves a lot of room for improvement, and such a short battery life would not be feasible for workplaces adopting IoT technologies [40]. A low-power sensor and communication protocol could be utilized to significantly extend the battery life of sensors [40], making the principle more feasible. This will be investigated in future work. Other strategies to mitigate exposure to CO2 in breweries might include careful consideration of ventilation of the vented CO2 during brewery design, the possibility of technology that vents the CO2 to the outside, personal protective equipment (PPE) for brewery staff, or the enforcement of regular “fresh air” breaks to prevent exposure over significant time frames.
4. Conclusions
Maintaining a high standard of indoor air quality (IAQ) is vital to ensuring good human health, since many humans spend much of their time indoors. The measured concentration of CO2 in air is a good proxy for IAQ. High levels of CO2, above 1000 and 10,000 ppm, have been shown to cause cognitive impairment and physiological impairment, respectively. Work environments that generate CO2 as an inherent part of their business present a unique and significant risk in terms of poor IAQ. Craft breweries generate CO2 and, unlike larger breweries, often lack the technology to capture and re-use the fermentation CO2 for beer carbonation. This study demonstrated that the venting of fermentation CO2 and the unintentional venting of CO2 during the filling of storage tank can cause the indoor CO2 levels to exceed safe limits. This was shown by monitoring CO2 levels inside an Australian craft brewery using a system containing three sensor nodes positioned strategically in different sections of the brewery. The maximum CO2 level recorded was in excess of 18,000 ppm, with the maximum time period levels exceeded 1000 and 10,000 ppm being equivalent to 425 and 26 min, respectively. The identification of differences in measured CO2 at different times and locations throughout the brewery reveals that a single hard-wired CO2 sensor may be inadequate to support IAQ monitoring. This strengthens the need to have a network of CO2 sensors inside a craft brewery. For this purpose, portable or wearable CO2 sensor nodes might be most suitable. The battery life of the sensors is a key consideration, and the current sensor battery life is too short. Low-power sensors and communication protocols are recommended for this task.
Author Contributions: Conceptualization, N.S.B.; Methodology, A.H. and S.OA.H.; Formal analysis, A.H. and N.S.B.; Investigation, A.H. and S.O.; Resources, A.H. and N.S.B.; Writing—original draft, A.H., S.O. and N.S.B. All authors have read and agreed to the published version of the manuscript.	Comment by MDPI: 
We added the Author Contributions according to the information submitted online at susy.mdpi.com, and we changed the author’s name into an abbreviated format. Please confirm.	Comment by Amer Hawchar: Updated
Funding:  The Faculty of Engineering and Information Technology (FEIT) at the University of Technology Sydney (UTS) is also acknowledged for providing financial support by way of scholarship support for AH/SO.please add	Comment by MDPI: Please add: This research received no external funding or This research was funded by [name of funder] grant number [xxx] And The APC was funded by [XXX]. Information regarding the funder and the funding number should be provided. Please check the accuracy of funding data and any other information carefully.	Comment by Nick Bennett: Added
Institutional Review Board Statement:  The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of the University of Technology Sydney. please add	Comment by MDPI: In this section, you should add the Institutional Review Board Statement and approval number, if relevant to your study. You might choose to exclude this statement if the study did not require ethical approval. Please note that the Editorial Office might ask you for further information. Please add “The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of NAME OF INSTITUTE (protocol code XXX and date of approval).” for studies involving humans. OR “The animal study protocol was approved by the Institutional Review Board (or Ethics Committee) of NAME OF INSTITUTE (protocol code XXX and date of approval).” for studies involving animals. OR “Ethical review and approval were waived for this study due to REASON (please provide a detailed justification).” OR “Not applicable” for studies not involving humans or animals.	Comment by Nick Bennett: Added
Informed Consent Statement:  Informed consent was obtained from all subjects involved in the study.please add	Comment by MDPI: Any research article describing a study involving humans should contain this statement. Please add “Informed consent was obtained from all subjects involved in the study.” OR “Patient consent was waived due to REASON (please provide a detailed justification).” OR “Not applicable.” for studies not involving humans. You might also choose to exclude this statement if the study did not involve humans.
Written informed consent for publication must be obtained from participating patients who can be identified (including by the patients themselves). Please state “Written informed consent has been obtained from the patient(s) to publish this paper” if applicable.	Comment by Amer Hawchar: Updated
Data Availability Statement: Data from the study is available from the corresponding author by request.please add	Comment by MDPI: In this section, please provide details regarding where data supporting reported results can be found, including links to publicly archived datasets analyzed or generated during the study. Please refer to suggested Data Availability Statements in section “MDPI Research Data Policies” at https://www.mdpi.com/ethics. You might choose to exclude this statement if the study did not report any data.	Comment by Nick Bennett: Added
Acknowledgments: The authors would like to acknowledge the Australian craft brewery for allowing setup of the sensor network and collection of CO2 data. The Faculty of Engineering and Information Technology (FEIT) at the University of Technology Sydney (UTS) is also acknowledged for providing financial support by way of scholarship support for AH/SO.	Comment by MDPI: Please ensure that all individuals included in this section have consented to the acknowledgement.	Comment by Amer Hawchar: Confirm	Comment by MDPI: Please ensure that all individuals included in this section have consented to the acknowledgement.	Comment by Amer Hawchar: Confirm
Conflicts of Interest: The authors declare no conflict of interest. please add	Comment by MDPI: Declare conflicts of interest or state “The authors declare no conflict of interest.”.	Comment by Amer Hawchar: Updated
[bookmark: noRef][bookmark: _Hlk121328928]References
1. Seguel, J.M.; Merrill, R.; Seguel, D.; Campagna, A.C. Indoor Air Quality. Am. J. Lifestyle Med. 2017, 11, 284–295. https://doi.org/10.1177/1559827616653343.
2. National Construction Code. Indoor Air Quality; Australian Building Codes Board: Canberra, Australia, 2021.	Comment by MDPI: 
We added the location of the publisher. Please confirm.	Comment by Amer Hawchar: Confirm
3. Van Tran, V.; Park, D.; Lee, Y.-C. Indoor Air Pollution, Related Human Diseases, and Recent Trends in the Control and Improvement of Indoor Air Quality. Int. J. Environ. Res. Public Health 2020, 17, 2927. https://doi.org/10.3390/ijerph17082927.
4. Brook, R.D.; Rajagopalan, S.; Pope, C.A., 3rd.; Brook, J.R.; Bhatnagar, A.; Diez-Roux, A.V.; Holguin, F.; Hong, Y.; Luepker, R.V.; Mittleman, M.A.; et al. Particulate Matter Air Pollution and Cardiovascular Disease: An update to the scientific statement from the american heart association. Circulation 2010, 121, 2331–2378. https://doi.org/10.1161/cir.0b013e3181dbece1.
5. Miller, M.R.; Shaw, C.A.; Langrish, J.P. From particles to patients: oxidative stress and the cardiovascular effects of air pollution. Future Cardiol. 2012, 8, 577–602. https://doi.org/10.2217/fca.12.43.
6. US; EPA; OAR. Volatile Organic Compounds’ Impact on Indoor Air Quality. Overviews and Factsheets, August 18, 2014. Available online: https://www.epa.gov/indoor-air-quality-iaq/volatile-organic-compounds-impact-indoor-air-quality (accessed on 3 October 2023).	Comment by MDPI: 
Please add the access date (format: Date Month Year), e.g., accessed on 1 January 2020. Same as below. The date should  before the accepted date 9 December 2022.	Comment by Amer Hawchar: Updated
7. Dunagan, S.C.; Dodson, R.E.; Rudel, R.A.; Brody, J.G. Toxics use reduction in the home: lessons learned from household exposure studies. J. Clean. Prod. 2011, 19, 438–444. https://doi.org/10.1016/j.jclepro.2010.06.012.
8. Huang, Y.; Ho, S.S.H.; Ho, K.F.; Lee, S.C.; Yu, J.Z.; Louie, P.K. Characteristics and health impacts of VOCs and carbonyls associated with residential cooking activities in Hong Kong. J. Hazard. Mater. 2011, 186, 344–351. https://doi.org/10.1016/j.jhazmat.2010.11.003.
9. Lee, K.; Choi, J.-H.; Lee, S.; Park, H.-J.; Oh, Y.-J.; Kim, G.-B.; Lee, W.-S.; Son, B.-S. Indoor levels of volatile organic compounds and formaldehyde from emission sources at elderly care centers in Korea. PLOS ONE 2018, 13, e0197495. https://doi.org/10.1371/journal.pone.0197495.
10. Liu, S.; Li, R.; Wild, R.J.; Warneke, C.; de Gouw, J.A.; Brown, S.S.; Miller, S.L.; Luongo, J.C.; Jimenez, J.L.; Ziemann, P.J. Contribution of human-related sources to indoor volatile organic compounds in a university classroom. Indoor Air 2015, 26, 925–938. https://doi.org/10.1111/ina.12272.
11. Tang, X.; Misztal, P.K.; Nazaroff, W.W.; Goldstein, A.H. Siloxanes Are the Most Abundant Volatile Organic Compound Emitted from Engineering Students in a Classroom. Environ. Sci. Technol. Lett. 2015, 2, 303–307. https://doi.org/10.1021/acs.estlett.5b00256.
12. Brickus, L.S.R.; Cardoso, J.N.; de Aquino Neto, F.R. Distributions of Indoor and Outdoor Air Pollutants in Rio de Janeiro, Brazil: Implications to Indoor Air Quality in Bayside Offices. Environ. Sci. Technol. 1998, 32, 3485–3490. https://doi.org/10.1021/es980336x.
13. Bernstein, J.A.; Alexis, N.; Bacchus, H.; Bernstein, I.L.; Fritz, P.; Horner, E.; Li, N.; Mason, S.; Nel, A.; Oullette, J.; et al. The health effects of nonindustrial indoor air pollution. J. Allergy Clin. Immunol. 2008, 121, 585–591. https://doi.org/10.1016/j.jaci.2007.10.045.
14. Weschler, C.J. Roles of the human occupant in indoor chemistry. Indoor Air 2015, 26, 6–24. https://doi.org/10.1111/ina.12185.
15. Huang, Y.; Yang, Z.; Gao, Z. Contributions of Indoor and Outdoor Sources to Ozone in Residential Buildings in Nanjing. Int. J. Environ. Res. Public Health 2019, 16, 2587. https://doi.org/10.3390/ijerph16142587.
16. Katsouyanni, K.; Touloumi, G.; Spix, C.; Schwartz, J.; Balducci, F.; Medina, S.; Rossi, G.; Wojtyniak, B.; Sunyer, J.; Bacharova, L.; et al. Short term effects of ambient sulphur dioxide and particulate matter on mortality in 12 European cities: results from time series data from the APHEA project. BMJ 1997, 314, 1658–1658. https://doi.org/10.1136/bmj.314.7095.1658.
17. Seow, W.J.; Downward, G.S.; Wei, H.; Rothman, N.; Reiss, B.; Xu, J.; Bassig, B.A.; Li, J.; He, J.; Hosgood, H.D.; et al. Indoor concentrations of nitrogen dioxide and sulfur dioxide from burning solid fuels for cooking and heating in Yunnan Province, China. Indoor Air 2016, 26, 776–783. https://doi.org/10.1111/ina.12251.
18. Hänninen, Otto, and Patrick Goodman. “Outdoor Air as a Source of Indoor Pollution.” In Issues in Environmental Science and Technology, edited by R M Harrison and R E Hester, 35–65. Cambridge: Royal Society of Chemistry, 2019. https://doi.org/10.1039/9781788016179-00035Hänninen, O.; Goodman, P. Outdoor Air as a Source of Indoor Pollution. In Indoor Air Pollution; 2019; pp. 35–65. .
19. WHO. Air Quality Guidelines: Chapter 7.4 Sulfur Dioxide; WHO Regional Oce for Europe: Copenhagen, Denmark, 2000.
20. International Programme on Chemical Safety. Carbon Monoxide; World Health Organization: Geneva, Switzerland, 1999.
21. Raub, J.A.; Mathieu-Nolf, M.; Hampson, N.B.; Thom, S.R. Carbon monoxide poisoning—A public health perspective. Toxicology 2000, 145, 1–14. https://doi.org/10.1016/s0300-483x(99)00217-6.
22. Persily, A.; de Jonge, L. Carbon dioxide generation rates for building occupants. Indoor Air 2017, 27, 868–879. https://doi.org/10.1111/ina.12383.
23. Emmerich, S.J.; Persily, A.K. State-of-the-Art Review of CO2 Demand Controlled Ventilation Technology and Application; National Institute of Standards and Technology: Gaithersburg, MD, USA, 2001. https://doi.org/10.6028/nist.ir.6729.
24. Ramalho, O.; Wyart, G.; Mandin, C.; Blondeau, P.; Cabanes, P.-A.; Leclerc, N.; Mullot, J.-U.; Boulanger, G.; Redaelli, M. Association of carbon dioxide with indoor air pollutants and exceedance of health guideline values. Build. Environ. 2015, 93, 115–124. https://doi.org/10.1016/j.buildenv.2015.03.018.
25. Satish, U.; Mendell, M.J.; Shekhar, K.; Hotchi, T.; Sullivan, D.; Streufert, S.; Fisk, W.J. Is CO2 an Indoor Pollutant? Direct Effects of Low-to-Moderate CO2 Concentrations on Human Decision-Making Performance. Environ. Health Perspect. 2012, 120, 1671–1677. https://doi.org/10.1289/ehp.1104789.
26. Allen, J.G.; Macnaughton, P.; Cedeno-Laurent, J.G.; Cao, X.; Flanigan, S.; Vallarino, J.; Rueda, F.; Donnelly-McLay, D.; Spengler, J.D. Airplane pilot flight performance on 21 maneuvers in a flight simulator under varying carbon dioxide concentrations. J. Expo. Sci. Environ. Epidemiol. 2019, 29, 457–468. https://doi.org/10.1038/s41370-018-0055-8.
27. Allen, J.G.; Macnaughton, P.; Satish, U.; Santanam, S.; Vallarino, J.; Spengler, J.D. Associations of Cognitive Function Scores with Carbon Dioxide, Ventilation, and Volatile Organic Compound Exposures in Office Workers: A Controlled Exposure Study of Green and Conventional Office Environments. Environ. Heal. Perspect. 2016, 124, 805–812. https://doi.org/10.1289/ehp.1510037.
28. Zhang, X.; Wargocki, P.; Lian, Z.; Thyregod, C. Effects of exposure to carbon dioxide and bioeffluents on perceived air quality, self-assessed acute health symptoms, and cognitive performance. Indoor Air 2017, 27, 47–64. https://doi.org/10.1111/ina.12284.
29. ACGIH. Carbon Dioxide. In Threshold Limit Values for Chemical Substances and Physical Agents and Biological Exposure Indices with 7th Edition Documentation; American Conference of Governmental Industrial Hygienists: Cincinnati, OH, USA, 2017.
30. DFG. Kohlendioxid [MAK Value Documentation, 2002]. In Documentations and Methods; MAK Collection for Occupational Health and Safety; Wiley-VCH Verlag GmbH: Weinheim, Germany, 2012.	Comment by MDPI: 
We added the location of the publisher. Please confirm.	Comment by Amer Hawchar: Confirm
31. HSDB. Carbon Dioxide. In Hazardous Substances Data Bank Number: 516; U.S. National Library of Medicine: Bethesda, MD, USA, 2015.
32. Rice, S.A. Health Effects of Acute and Prolonged CO2 Exposure in Normal and Sensitive Populations. In Proceedings of the NETL Proceeding, Alexandria, VA, USA, 2003.	Comment by MDPI: 
Please add date (day month year) of the conference.	Comment by Amer Hawchar: Not sure what date
33. Tran, T.V.; Dang, N.T.; Chung, W.-Y. Battery-free smart-sensor system for real-time indoor air quality monitoring. Sens. Actuators B Chem. 2017, 248, 930–939. Available online: https://www.infona.pl/resource/bwmeta1.element.elsevier-af5ec885-ae66-3525-8d69-79e89624eb93 (accessed on 30 October 2023).
34. Marques, G.; Ferreira, C.R.; Pitarma, R. Indoor Air Quality Assessment Using a CO2 Monitoring System Based on Internet of Things. J. Med Syst. 2019, 43, 67. https://doi.org/10.1007/s10916-019-1184-x.
35. Kim, J.-Y.; Chu, C.-H.; Shin, S.-M. ISSAQ: An Integrated Sensing Systems for Real-Time Indoor Air Quality Monitoring. IEEE Sens. J. 2014, 14, 4230–4244. https://doi.org/10.1109/jsen.2014.2359832.
36. Pitarma, R.; Marques, G.; Ferreira, B. Monitoring Indoor Air Quality for Enhanced Occupational Health. J. Med. Syst. 2016, 41, 23. https://doi.org/10.1007/s10916-016-0667-2.
37. Abraham, S.; Li, X. A Cost-effective Wireless Sensor Network System for Indoor Air Quality Monitoring Applications. Procedia Comput. Sci. 2014, 34, 165–171. https://doi.org/10.1016/j.procs.2014.07.090.
38. Huizen, D. The Assessment of CO2 Exposures, Workload Demands, and Musculoskeletal Disorder Risk on Heart Rate for Select Craft Brewery Job Tasks. Doctor Dissertations, Western Michigan University, Kalamazoo, MI, USA, 2020. Available online: https://scholarworks.wmich.edu/dissertations/3644 (accessed on 1 December 2023).	Comment by MDPI: 
Newly added information. Please confirm.	Comment by Amer Hawchar: Confirm
39. Industries, Adafruit. Adafruit SCD-30-NDIR CO2 Temperature and Humidity Sensor. Available online: https://www.adafruit.com/product/4867 (accessed on 6 November 2022).
40. Ould, S.; Bennett, N.S. Energy Performance Analysis and Modelling of LoRa Prototyping Boards. Sensors 2021, 21, 7992. https://doi.org/10.3390/s21237992.


Sensors 2022, 22, x. https://doi.org/10.3390/xxxxx	www.mdpi.com/journal/sensors


image1.png




image2.jpg
€02 CELLARWARN





image3.png




image4.png
Roller Door D N

1T

Fermentation

o
00 o5 06:608@/

o O)





image12.png




image13.png
Rasberry Pi

ETH

POE Switch

-
—

5V PSU




image14.png
ESP32 Node

—» Raspberry Pi

S,
S Mosquitto
MQTT Broker
WAP
l Node Red 3.0
Eth Switch InfluxDB 2.0





image15.png
—m— Node 1 - Fermentation Tanks
—® Node 2 - Canning Line
3000 1 —#A— Node 3 - Office

' | ' | ' | ' l
02:00 02:30 03:00 03:30 04:00
Time (PM hh:mm)




image16.png
Node 1 - Fermentation Tanks
Node 2 - Canning Line
20000 - Node 3 - Office

18000 ~
16000 -

14000 -

zooz'ﬂﬂ 5 ﬂﬂﬂtﬂHﬂ@ Hﬂl‘l—ﬂ H‘ﬁﬂ-ﬂ _‘l Fﬂw

1a 1b 2a 2b 3a 4a 5a 5b 6a 6b 7a 8a 8b 9a 9b 10a10b
Venting Day





image17.png
20k
18k—-
16k—-
14k—-
’g 12k—-
— 10k—-
O 8k-
ok -
4k -

2K -

Node 1 - Fermentation Tanks
Node 2 - Canning Line
Node 3 - Office

1

H‘ﬁﬂ—ﬂ _‘I FBN

1a 1b 2a 2b 3a 4a 5a 5b 6a 6b 7a 8a 8b 9a 9b 10a10b

Venting Day





image18.png
Time (mins)

500 ~

400 -

300

200

100 ~

H Ik { I

Node 1 - Fermentation Tanks
Node 2 - Canning Line
Node 3 - Office

. A

i m{

1a 1b 2a 2b 3a 5a 5b 6a 7a 7b 8a 8b 9a 9b 10a

Venting Day





image19.png
|
Node 3

|
Node 2

|
Node 1

250 ~

200

| |
o o
o o

(sinoH) a7 Aispeg

|
o
O





image20.png




image21.png




image5.png




image6.png
] oo ©




image7.png




image8.png




image9.png




image10.png
=




image11.png
'~ Roller Door

®

T





