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Disclaimer 

This technical report presents the results of work performed by the US. Environmental Protection 

Agency’s Office of Research and Development (ORD) with technical support through Jacobs 

Technology (Contract # EP-C-15-008) for the National Exposure Research Laboratory (NERL), 

U.S. Environmental Protection Agency (US EPA), Research Triangle Park, NC. The effort 

represents a collaboration between the US EPA and the United Nations Environment Programme 

(UNEP) in fulfillment of a Material Cooperative Research and Development Agreement 

(MCRADA) to conduct research involving emerging air quality sensor technology. It has been 

reviewed by the U.S. EPA and the UNEP and approved for publication. Mention of trade names 

or commercial products does not constitute endorsement or recommendation for use. 
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Executive Summary 

A request for technical collaboration between the UNEP and the US EPA resulted in the 

establishment of a MCRADA. The purpose of this agreement was to evaluate a prototype air 

quality monitoring system (referred to as the UNEP pod) developed by the UNEP for use in 

environmental situations where more sophisticated monitoring instrumentation was not available. 

The US EPA has conducted numerous evaluations of other similar sensor pods at its Research 

Triangle Park, NC research campus and has trained staff as well as established research designs 

for such efforts. Under the terms of the MCRADA, the US EPA would operate the pod using 

UNEP-provided operating procedures in a manner consistent with its planned intent of 

deployment. The US EPA would collect air quality monitoring data from the pod for selected 

environmental measures over a period of approximately 1 month. Reference monitoring data 

collected from collocated federal regulatory monitors would be used to establish a comparison 

between the two systems and thus establishment of performance characteristics. In addition, the 

US EPA would provide informed feedback to the UNEP about the pod’s observed ease of use 

features that would be beneficial in its future evolution and deployment. 

Study Objectives 

In response to the UNEP’s request, the US EPA evaluated the sensor pod during a 30-day study 

to establish its basic performance characteristics. The effort was projected to be initiated in the 

fall of 2016 and fully completed during calendar year 2017. Specifically, the US EPA agreed to 

the following: 

 Conduct a collocated comparison between the UNEP low cost sensor pod versus 

reference monitors under outdoor environmental conditions at the US EPA’s research site 

in Research Triangle Park, NC for a period of approximately 1 month.  

 Collaborate with the UNEP on all data summaries. 

 Publish basic summary findings of the effort following peer review in a mutually agreed 

upon format (e.g., peer reviewed report). 

 Provide a complete database detailing both the UNEP sensor pod and reference monitor 

response under collocated ambient challenge conditions to allow the UNEP to conduct its 

own independent statistical comparison of performance. 

Study Approach 

The UNEP sensor pod was operated under UNEP operating guidelines on an “as is” basis. That 

is, the US EPA technically sited and operated the prototype unit as defined by the UNEP to 

ensure that the performance characteristics established were representative of those to be 

expected from real world deployment. Although the US EPA requested that multiple copies of 

the device be provided to allow its precision, bias, and other performance characteristics to be 

established, only a single pod was made available. Whereas evaluation of the pod under fully 

controlled laboratory conditions would have been valuable (i.e., a chamber), no such chamber 

was immediately available to the US EPA for such an effort nor were there resources to conduct 

such an effort. Therefore, the pod was operated in a weatherproof enclosure in a collocated 

manner at the US EPA’s Ambient Air Innovation Research Site (AIRS) for a period of 
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approximately 1 month. One (1) minute continuous data responses (PM2.5, PM10, NO2, SO2, RH 

and temperature) were obtained. Data were continuously logged to the internal microprocessor 

and downloaded to a dedicated laptop computer weekly. Using applications provided by the 

UNEP, data were combined into a time series, converted to ambient concentrations, and recorded 

in electronic spreadsheets. US EPA validation of the data was performed following consultation 

with the UNEP on all issues that required input on data validation resolution. Reference 

monitoring data from the AIRS were obtained and, following validation review, integrated with 

UNEP pod data to allow for statistical evaluation and characterization. The statistical comparison 

of the UNEP pod versus the reference monitor data was compared to established performance 

characteristics (e.g., time series, regression, co-linearity with RH and temperature). Statistical 

averaging times ranging from 1 minute to 24 hours were explored to establish integration effects 

on performance characteristics. The impact of various quality assurance data inclusion/exclusion 

criteria were considered. Statistical findings, based on validated data meeting specific quality 

assurance criteria that were established, are presented in this report.  

Sensor Performance Results 

The UNEP pod was determined to have a stable electronic data collection architecture 

(microprocessor and integrated sensor components) in that data were collected without failure 

from the initiation of the study through its completion (for more than 30 days). However, 

processing errors using the UNEP developed firmware and software that complicated data 

analysis and quality assurance review were noted. Even so, a data completeness record of > 90% 

was observed.  

Preliminary observations of raw (non-validated) NO2 and SO2 data following the first week of 

data collections indicated that the UNEP pod’s response was significantly different in terms of its 

reported concentrations than those measured by the collocated reference monitors. Consultation 

with the UNEP on these observations resulted in a decision to continue data collection for these 

pollutants, but not to pursue establishment of their performance characteristics as part of this 

report. Raw data concerning these pollutants were harvested for the full duration of the 

evaluation and have been shared with the UNEP for their consideration.  

PM2.5, PM10, RH and temperature data from the UNEP pod were compared with the collocated 

reference or research grade monitors. Briefly, time series, as well as regression analyses, 

revealed little to no agreement (R2 < 0.1) of the PM2.5 and PM10 mass concentrations with 

reference values at time averaging intervals between 5 minutes to 24 hours. Ambient RH was 

determined not to be correlated to pod PM response over any integration period. Direct 

comparison with collocated reference temperature data indicated that the UNEP pod’s internal 

components heated the airspace within the UNEP pod, resulting in reduced RH and a ~ 7oC 

increase in temperature as measured by the UNEP pod. The impact, if any, that this heating 

might have had on the resulting particulate matter or gas measurements is unknown. 

Ease of Use Features Evaluation 

The UNEP pod was observed to be very robust with respect to its day-to-day operation. It was of 

sturdy construction relative to its physical design. However, even with the technical manual 

provided by the UNEP, we were unable to establish some of the system’s primary features (e.g., 

inlets, exhausts). An improved operator’s manual would be beneficial to others. The US EPA did 
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not open the pod to reveal its inner components (sensors and related electronics) to maintain the 

integrity of its character. Once initialized using a standalone laptop computer, the UNEP pod 

operated without electronic failure for more than 1 month of continuous 1-minute data 

collections. Direct land power (alternating current) was used to provide the needed energy 

resources. Data were logged to the internal microprocessor continuously. Data were downloaded 

to a dedicated laptop computer weekly to ensure the UNEP pod was operating and storing data. 

Accessing these data required some degree of technical capability. In particular, multiple third-

party software applications that were needed to provide the interface between the UNEP pod’s 

microprocessor and the laptop computer had to be downloaded from internet sources. We are 

concerned that other end users, especially those with limited technical skills, might have some 

difficulty not only in obtaining the secondary computer applications but also in their operation. 

Two independent executables were used to process the raw data. These executables were 

provided by the UNEP, and the US EPA attempted to use them in their “as is” state. The first, a 

Windows command tool, was used to combine the 24 individual hourly data files into a single 

combined data file representing a full day of data. The second, an Excel macro, converted the 

raw gas data (reported as volts) to environmentally relevant concentration units (ppb). Some 

coding errors were discovered in the macro code used to compute gas concentrations. The code 

was revised, and all raw data were reprocessed using the updated code. The processing was 

therefore not without some concerted effort to ensure completeness. Nevertheless, the 

executables provided by the UNEP were robust. Since the UNEP developed the executables for 

the US EPA to eliminate cloud-based processing (which the US EPA does not have permission 

to use), it is unknown if the code script error was isolated to this specific situation or a more 

systematic issue with primary data processing that might be encountered by others using the data 

streaming capabilities of the UNEP pod.  

Conclusions 

The UNEP pod collected environmental data continuously with little need for operator 

interaction. While in the US EPA’s possession, the UNEP pod appeared to operate without 

technical failure of any of the energized components (fans, microprocessor, sensor components). 

Nevertheless, significant technical effort was required to obtain and operate the secondary 

software applications that were needed to collect and download the data. The gas phase sensors 

did not provide data useful for the evaluation. It is not clear if the problems with the gas sensors 

were related to the algorithms used to process the data, or to the sensors themselves. Technical 

suggestions were provided to the UNEP on this topic, which they may wish to pursue. Details are 

presented in the Appendix.  

While the UNEP pod successfully collected and reported data for both PM2.5 and PM10 mass 

concentrations, comparisons over a wide range of time intervals failed to yield satisfactory 

agreement with collocated reference monitors (R2 < 0.18). Factors that might have had a negative 

impact on the assessment (data completeness, RH impact) were exhaustively investigated, but 

little to no improvement in the observed performance characterization was observed regardless 

of data treatment.  
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1.0 Introduction 

The UNEP recently developed a prototype multipollutant sensor pod called the UNEP Air 

Quality Monitoring Unit, herein simply defined as the UNEP pod (http://aqicn.org/faq/2015-10-

28/unep-air-quality-monitoring-station/). First introduced in 2015, the UNEP pod was developed 

with the goal of providing an affordable air quality monitoring instrument to a worldwide 

audience. A basic cost of ~ $1500/pod has been reported, which would potentially allow many 

end users to obtain the device and operate it to achieve environmental monitoring for a variety of 

needs. Basic features of the UNEP pod include a weatherproof milled aluminum encasement, a 

series of gas phase sensors for criteria pollutant monitoring, an optical particle counter for 

estimations of particulate matter mass, and environmental meteorological sensors, as well as fans 

and other assorted electronic components. By design, the unit was intended for near-continuous 

operation when energized with local land power, with data transmission occurring via cellular 

communication to a dedicated service provider.  

Although the UNEP pod was developed in 2015 and has undergone informal operational trials 

since its release, no formal evaluation or reporting of its performance characteristics had been 

conducted previously. Since emerging sensor technologies are not certified for their capabilities, 

and the goal of the UNEP was to establish a credible air monitoring system for less developed 

international settings, conducting such an evaluation was a defined need. 

The US EPA has a documented history of conducting numerous technical performance 

evaluations of low cost (< $2500) sensors and their assembled components (EPA, 2017a). Other 

air quality research organizations have also begun to investigate sensor performance 

characteristics (EPA, 2017b; EPA, 2017c). Under such scenarios, sensor components are tested 

either directly under chamber (laboratory) challenge or under ambient (field) scenarios 

(Williams, 2014b; Williams, 2014c; Williams, 2015a; Williams, 2015b). In all such cases, sensor 

response has been directly compared versus Federal Reference Method (FRM) or Federal 

Equivalent Method (FEM) monitors to establish the performance characteristics, and this 

approach has been the subject of scientific discussion (Kaufman 2014; Williams 2014a; Williams 

2014d). The general consensus has been that such an approach provides a peer-acceptable 

method of defining the basic performance characteristic of a non-regulatory air quality device. 

Specifically, the direct comparison of such a device under ambient (real-world) monitoring 

conditions not only challenges the sensor to the pollutant(s) of interest but also to potential co-

factors to which the device might respond.  

In the late winter of 2016, meetings were held involving representatives of the UNEP and the US 

EPA’s Office of International and Tribal Activities, ORD, and Office of Air Quality Planning 

and Standards to discuss the possibility of conducting a formal performance review of the 

UNEP’s sensor pod. Ultimately, these meetings resulted in a formal MCRADA being established 

between the UNEP and the US EPA’s ORD to accept receipt of one or more of the sensor pods 

and to conduct a month-long evaluation of its performance under real-world (ambient) 

conditions. This research was to be conducted at the US EPA’s AIRS test platform located on its 

campus in Research Triangle Park, NC. This location was chosen solely because of its 

convenience for the ORD staff who would be conducting the research. As this research was 

being conducted without any additional funding or resources being made available, economics 

http://aqicn.org/faq/2015-10-28/unep-air-quality-monitoring-station/
http://aqicn.org/faq/2015-10-28/unep-air-quality-monitoring-station/
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dictated that leveraging of existing resources (e.g., fully operational reference monitoring 

platform and local US EPA staff) be used to achieve the primary goals. Both parties recognized 

that the AIRS test location did not represent the environmental conditions that might be expected 

in international locations where environmental pollution levels would be expected to be 

significantly higher. Even so, ambient pollution levels of particulate matter as well as of the 

National Ambient Air Quality Standards (NAAQS) criteria pollutant gases are routinely 

measured above detection limits at the AIRS test location and with sufficient day-to-day 

variability to enable an evaluation to be performed. The US EPA has previously reported on 

using the AIRS test location in this manner to evaluate a wide range of lower cost sensor 

components and multipollutant pod systems (Williams 2014b; Williams 2014d; Williams 2015a; 

Williams 2015b).  

The MCRADA established that the performance characterization research would be 

collaborative in nature, with both parties substantially contributing to achieve its success. 

Hallmarks of these contributions would be the UNEP providing support documentation fully 

defining the operational guidelines of the UNEP pod and the US EPA operating the equipment as 

expressly defined by the UNEP to ensure a non-biased approach to the testing. Other key 

components of the MCRADA were as follows: 

 Operate the UNEP pods through a ~30-day study to establish its basic performance 

characteristics, with a projected initiation in the fall of 2016 and completion during 

calendar year 2017. 

 Conduct a collocated comparison between the UNEP pod versus the reference monitors 

under outdoor environmental conditions at the US EPA’s research site in Research 

Triangle Park, NC. Ideally, the US EPA would test three UNEP pods side-by-side to see 

if the results were replicable. 

 Collaborate with the UNEP on all data summaries. 

 Publish basic summary findings of the effort, following peer review, in a mutually agreed 

upon format (e.g., peer-reviewed report).  

 Provide a complete database detailing both the UNEP pod and reference monitor 

response under collocated ambient conditions to allow the UNEP to conduct its own 

independent statistical comparison of performance. 

Efforts were made to obtain the UNEP pods as early as possible in the calendar year, as the US 

EPA had previously established, in laboratory testing, that gas phase sensor evaluations 

performed under low temperature conditions (at or below freezing) sometimes resulted in poor 

sensor performance (Williams, 2014d). It was the US EPA’s goal to examine the sensor under 

the most favorable conditions possible, and ultimately an agreement was reached to deliver the 

pods in October 2016. Although a sustained effort was made to obtain multiple copies of the 

UNEP pod to enable precision and bias evaluation, only a single pod was made available for the 

research. The unit was recovered from a Kenya, Africa deployment and shipped to the US EPA’s 

Research Triangle Park campus, where the materials were unpacked, inspected, and cataloged. A 

single screw was observed to be unattached in the packaging materials, and it was assumed that 

the screw was originally secured inside the pod encasement itself and had become free because 

of some movement or vibration during shipping and handling. Consultation with the UNEP on 
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this matter yielded the same conclusion as US EPA staff that this item would not be expected to 

have any impact on the resulting performance evaluation.  

The software modules required to communicate with the pod and download the data, all 

available as free shareware, were downloaded to a dedicated laptop. This software included: 1) 

BONE_D64.exe ver. 1.2.0.715 – a BeagleBone serial over USB driver, 2) PuTTY.exe ver. 

0.67.0.0 terminal emulator software, and 3) psftp.exe ver. 0.67.0.0, a secure file transfer protocol 

for PuTTY. It is unknown whether these applications would have been required if the device was 

being used in its cellular data transmission mode, as is the case at UNEP’s Kenya-based site. The 

dedicated laptop computer was used to communicate with the pod, to establish its operating 

parameters, and ultimately to recover and process the raw data on a weekly basis. Two 

executable files (Merge_CSV.cmd and Gas_ppb.xlsm), which were provided to the US EPA by 

the UNEP, were needed to process the raw data. The first of these executables, a DOS command 

file (Merge_CSV.cmd), merged the hourly data files into a single daily file containing all 

measured data with raw gas data reported in units of volts. The second executable, an Excel 

macro script (Gas_ppb.xlsm), transformed the raw gas data into environmentally relevant 

concentration units (ppb). The result was a single Excel file for each day of data collection 

containing the processed gas concentrations, particulate matter concentrations, temperature, and 

RH, with each data record within the file identified by date and time. Data from these processed 

data files were combined and used by the US EPA in its comparison with the collocated 

reference monitor data to determine the performance characteristics of the UNEP pod.  

Examination of the processed data files showed that NO2 and SO2 concentrations were being 

reported as either negative or near zero concentrations when true environmental conditions were 

not consistent with these values. The US EPA reported these findings to the UNEP staff early in 

the monitoring process, but no conclusions were made about the cause of this apparent gas 

measurement discrepancy. Once the monitoring was completed, the US EPA revisited the issue 

and considered that the source of the problem might be in the executable macro provided by 

UNEP, rather than in the sensors themselves. The algorithms and supporting parameters used in 

the macro code to compute the NO2 concentrations, as well as the macro code itself, were 

examined in detail. Some errors were discovered in the code, suggested revisions were made, 

and the data were reprocessed using the updated code. The details of this process are documented 

in the Appendix. The results of this detailed review were promising except for a signage 

problem, the cause of which remains undetermined. It was decided that gas phase data from this 

evaluation would not be incorporated into the results defined by this report. After the field tests 

were concluded, UNEP staff were provided copies of all raw UNEP pod data as well as 

collocated reference monitoring data to assist them in further elucidation of these issues.  

Therefore, only meteorological (RH and temperature) and particulate matter data (PM2.5 and 

PM10) from the UNEP pod were directly compared to the collocated reference monitors’ data. 

This report defines the specifics of the environmental test conditions used in the evaluation 

(systems and conditions), data observations, summarization of key performance evaluation 

findings, and ease of use features concerning the UNEP pod.  
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2.0 Materials and Methods 

2.1 Instrumentation 

The UNEP pod was composed of an Optical Particle Counter for PM2.5 and PM10 (AlphaSense-

OPC-N2) measurements, two gas phase sensors for SO2 and NO2 (Alphasense model B-4) 

measurement, a Global Positioning System (Sparkfun Venus GPS module and ANT 555 active 

GPS antenna), a temperature and humidity sensor (Sensirion SHT21), and a Texas BeagleBone 

Black. The latter is a single board computer that doubles as both the microprocessor and the 

system control module. The US EPA did not open the encasement of the pod, and therefore other 

components that might have been present (e.g., exhaust fans) but not immediately apparent are 

not named here. The prototype received for evaluation had previously been operated in Nairobi, 

Kenya to map the city’s air pollution hotspots while also informally evaluating its reliability and 

robustness.  

The gas sensors incorporated into the UNEP pod typically come with some degree of 

factory/manufacturer calibration. The full extent of such calibration/audit is unknown. The US 

EPA’s experience suggests that the gas phase sensors would have undergone laboratory 

calibration by the manufacturer (zero and span check at temperatures ranging from -30 to 50 °C). 

Information found on the manufacturer’s website would appear to indicate that batch-to-batch 

variability of the sensors is used to develop processing algorithms (Alphasense application note 

AAN 803-02 – September 2016). Correction algorithms are often used to compensate for known 

environmental artifacts (temperature, relative humidity, and interfering gasses) in field 

measurements. Depending upon the age of the gas phase sensors, the value of the manufacturer’s 

original calibration is uncertain (Williams, 2017a). If the sensors were relatively young (e.g., < 

1-2 months of age), then the manufacturer’s calibration algorithm would be expected to be of 

value. The age of the gas phase sensors in the UNEP pod was unknown at the time of the 

evaluation, and the US EPA cannot further elaborate on this topic. The UNEP pod was used “as 

is” without any attempt to conduct direct calibration of the gas phase sensors. 

The OPC-N2 particulate matter sensor, in like manner, was used without any secondary 

calibration performed by the US EPA. The OPC-N2 collects a total of 16 size-defined bin 

designations of particle counts from 0.38 to 17 microns to which a proprietary manufacturer’s 

algorithm (Alphasense, 2013) is applied to develop mass concentrations (µg/m3) for two size 

fractions (PM2.5 and PM10). The processing algorithm shared by the UNEP provided for US EPA 

to have access to the PM2.5 and PM10 mass concentration data from the device (including 16 size 

bins). The US EPA did not attempt to investigate the size bins and how they were being used to 

establish the various PM size fraction mass densities. It is believed that the AlphaSense OPC-

N2’s algorithm for converting size bins into mass density was being used. The size bin 

integration algorithm is typically proprietary and investigating it was beyond the scope of this 

research effort. 

The US EPA evaluated the temperature and relative humidity sensors included in the UNEP pod 

with no additional calibration. Data from these two sensors were acquired as part of the raw data 

output from the Beaglebone and processed as defined later into their final report state. 
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The US EPA operates the AIRS test platform on its Research Triangle Park campus (Williams, 

2014b). A GRIMM Technologies, Inc. (Douglasville, GA) Class IIII designated PM2.5 Federal 

Equivalent Method (FEM) monitor is under continuous operation at that site. The GRIMM 

monitor also provides PM10 mass concentration estimates but is not a US-designated FEM for 

this aerosol mass size fraction. The European Union, however, has designated this monitor as an 

equivalent reference monitor meeting the EN12341 standard 

(http://ec.europa.eu/environment/air/quality/ legislation/pdf/equivalence.pdf), and it is used herein 

as such to provide comparison data for informational purposes. The GRIMM monitor was used 

because it was already fully operational at the AIRS, required no additional EPA resources for its 

operation, and provided the ability to examine 1-minute data collection periods from the pod. No 

other reference PM monitors were available for this effort. That alternative FRM/FEM monitors, 

such as those involving regulatory filter-based monitoring or even the Tapered Element 

Oscillating MicroBalance (TEOM) approach, might have provided additional benefit was 

recognized. However, no such methods were available during this study. 

 A cavity attenuated phase shift (CAPS) NO2 analyzer was operated at the AIRS. Specifics of the 

description and basic operation of the model T500U CAPS NO2 analyzer (Automated Equivalent 

Method: EQNA-0514-212) are available elsewhere (EPA, 2014). Other instrumentation included 

a Teledyne T500U NO2 analyzer and a Thermo 43C SO2 analyzer. While there were no FRM or 

FEM temperature or relative humidity (RH) monitors, reference data for these measures were 

provided at a height of 3 meters at the AIRS using an R.M. Young 41382VC environmental 

probe, a widely accepted research grade device. These established methods are covered under a 

QAPP (Alion, 2013). Specifically, all gas analyzers undergo automated daily zero, span, and 

quality control checks. The GRIMM monitor’s optics are calibrated annually by the 

manufacturer, with its flow rate verified on a quarterly basis. The response of the meteorology 

sensor undergoes annual audit. Reference data were available for the time frame of the sensor 

evaluation as 5-minute averages. Study staff reviewed all raw reference data to ensure the 

various systems were operating in a nominal fashion within the guidelines of the QAPP noted. 

Only validated data were retained and used in the analysis. Photographs of the GRIMM monitor 

and selected reference monitors used in this evaluation are shown in Figure 1. 

http://ec.europa.eu/environment/air/quality/%20legislation/pdf/equivalence.pdf
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Figure 1. GRIMM monitor (left) and select reference monitors at the AIRS 

2.2 Deployment 

The UNEP pod was deployed at the AIRS facility on November 3, 2016 for approximately 1 

month (33 days). Figures 2 through 4 depict the UNEP pod system as well as the reference 

monitoring station. Figure 2 provides a close-up of the UNEP pod installed inside the 

environmental shelter on the test platform at the AIRS, with the reference monitoring inlets in 

the near background. The two monitoring stations (UNEP pod and reference monitors) were 

within an inlet distance of 10 meters. The UNEP pod was housed in the aluminum shelter (1.11 × 

0.91 × .94 meters). This enclosure ensured sensor protection from both windblown rain and 

direct sunlight while allowing unimpeded airflow. Specifics concerning the aluminum shelter 

have been previously reported (Jiao, 2016). The UNEP pod was placed in the center of the 

middle shelf at a height of 1.07 meters from the ground in an upside-down horizontal 

configuration to provide unrestricted access to ambient air to its inlets/outlets, presumed to be 

around the thin edges of the encasement. The UNEP pod was connected to 110V AC power, 

which was available through the power strip housed on the lower shelf. Data were logged to the 

internal microprocessor continuously and subsequently downloaded to a dedicated laptop 

computer via a direct (wired) connection weekly. As shown in Figure 2, the UNEP pod was 

oriented with its inlets (presumed to be through the thin edge of the encasement) fully open with 

respect to the ambient air plenum. Telephone conversations as well as direct inspection by a 

representative of the UNEP team who viewed the site early in the collocation process provided 

full agreement that this orientation was appropriate. The shelter was kept locked except during 

data recovery periods to ensure data integrity status. The US EPA is a secure facility, with 
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restricted public access, and the only known external visitor to the site (UNEP representative) 

was under direct staff escort.  

 

Figure 2. Orientation of UNEP pod and associated wiring connections 

 

 

Figure 3. The aluminum test shelter with the reference monitor in the background 
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Figure 4. Select AIRS reference monitor inlets 

At the time of deployment, the time on the BeagleBone was set to EST using PuTTY with the 

following command: root@beaglebone:~# date --set “DD MM YYYY HH:MMam/pm” 

2.3 Data Collection Procedure  

Communication between the UNEP pod and the study computer used software mandated by the 

UNEP. The UNEP pod operated with BeagleBone serial-over-USB drivers, PuTTY, a 64-bit 

PuTTY implementation of SSH and Telnet for Windows and Unix platforms, along with an 

Xterm terminal emulator. A tool for transferring files securely between computers using an SSH 

connection (psftp) was also utilized. The software application psftp was loaded onto the study 

computer, which used Microsoft Office Windows 7. The computer was used to set the date time 

stamp of the UNEP pod’s internal clock at the start of data collection and weekly thereafter, to 

store data downloaded from the UNEP pod’s microprocessor, and ultimately to process the raw 

data into a completed format. Details about setting up these programs are provided in the UNEP 

AQ Monitoring Unit User Manual. Specifics about the use of these key software applications are 

provided as part of the Appendix.  

2.4 Data Processing 

Data were processed following each weekly download using software programs (executables) 

provided by the UNEP. Initially, these software applications were used as received without 

change. As reported later in this document (see Appendix), corrections were made to one of the 

scripts to overcome a problem we observed. The two executables consisted of Merge_CSV.cmd 

and Gas_ppb.xlsm.  
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The Merge.CSV executable needed to be run once for each sampling day. The resulting file 

combined 24 individual hourly files into a single 24-hour daily file called “combined.csv”. The 

hourly files as well as the combined.csv file contained raw sensor data. In the case of PM, these 

files contained the binned distribution of PM, which is the generic output of the OPC-N2. In 

brief, the data processing steps included the following: 

 Activating the Merge CSV.cmd application and then applying it to each hourly data 

set to yield a file called “Combined.csv”.  

 Saving the Combined.csv file as the <date>.xls (e.g. 11-07-16.xls) to give it date 

stamp recognition for record keeping. 

The Excel macro Gas_ppb.xlsm was then executed on the <date>.xls file. This macro converted 

all sensor voltage data into concentration data. An example of excerpts from the raw and 

processed files for the date 11-07-16 are provided in Figure 5 and is continued in Figure 5a (for 

viewing purposes).  

 

 
Figure 5. Example of processed file 
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Figure 5a. Example of processed file (continued) 

 

2.5 Data Processing Observations 

Data from the UNEP pod were recovered and processed on a weekly basis. The US EPA 

believed that the UNEP pod was operating nominally as the study effort continued. That is, data 

were being logged, given time/date stamps, and stored in specific storage registers that were 

specific to each hour of the collection period. The US EPA performed a cursory review of each 

week’s data to ensure that the pod was operational and that data were being logged. Raw data 

was not extensively examined for completeness or quality assurance purposes on a weekly basis.  

When all data collections were complete, the US EPA initiated a thorough review of all raw 1-

hour data records, as well as the Combined.csv files produced from the application of the 

Merge_CSV.cmd file and the Excel files produced from the application of the Gas_ppb.xls 

macro. During this review of the full data record, the US EPA discovered that some data records 

corresponded to the wrong month. The problem occurred at the time when data collection moved 

into a new month. It initially appeared that data records were being assigned a date stamp 

corresponding to the previous month (November) rather than the current month (December). 

This raised concern that data were being overwritten, but further inspection revealed that the 

previous month’s data record was being retrieved in addition to the current month’s data when 

data were collected for the same date of each month (Appendix Figure A8). It appears that the 

data retrieval script and procedure is not specific enough to handle two different months. The 

directory structure assumes all data are collected in a single calendar month, so no monthly 

identification is specified. This problem affected all December data that had days of the month 

that matched those in the November data set. The US EPA suspended sampling early in 

December, but it is suspected that all the December data would have suffered this same re-

reporting of the earlier month’s data.  
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The same problem was observed in one of the November data downloads, wherein a few data 

points from September were included with the November data with the same dates, even though 

the US EPA did not record any data in September (Appendix Figure A9). These data looked very 

different from the November and December data and are likely data recorded by UNEP prior to 

this study that were still retained in the processor’s memory. 

During the collection period, the UNEP pod was not restarted and no data were deleted. 

However, restarting the UNEP pod (powering on/off) as well as conducting a routine (scheduled) 

data file deletion effort might not be the best approach to address the issue of re-reported data. 

The best way to address the problem might be to revise the data download code and procedures 

to eliminate the issue for future applications. The data directory structure in which the data are 

stored needs to have separate subdirectories created for each month. The collection days (1-31) 

would then be listed as subdirectories under each month. The directory structure currently has no 

such monthly designations. 

2.6 US EPA Quality Assurance Review and Application 

As previously stated, US EPA conducted an intensive review of the raw and processed data 

following the conclusion of data collection. Collocated reference monitoring data were reviewed 

by US EPA for compliance with the QAPP requirements of the AIRS test platform and then used 

without variation to yield a comparison database into which the UNEP pod data was integrated. 

The UNEP pod recorded raw data every minute, whereas some of the reference monitors, (e.g., 

the GRIMM monitor), recorded data every 5 minutes. Therefore, the first order of processing 

was to develop the means (steps) to allow for appropriate (matched) time intervals to be 

examined for comparison. Data were excluded/manipulated in some fashion if they met any of 

the following criteria: 

 The data from the 15-minute period before and after the weekly servicing visit from 

the US EPA staff were excluded. Such disruptions have been shown to influence local 

air quality associated with particle resuspension near the monitor intake (such as 

would be the case here with the UNEP pod). 

 Data collected during the weekly automated calibration of the reference monitors 

were excluded. 

 Data spikes in the UNEP pod data record, indicative of some systematic condition 

that occurred consistently at the top of each clock hour, were excluded. The causal 

agent for this UNEP pod artifact is unknown. An example of this artifact has been 

provided in the Appendix. 

 An average was computed ONLY when valid data points were present at least 90% of 

the time.  

o To calculate 5-minute averages for the UNEP pod, 100% (five 1-minute data 

records) of the raw data must be valid. 

o To calculate 1-hour averages for the UNEP pod, > 54 1-minute data records 

must be valid. 

o To calculate 12-hour averages for the UNEP pod, > 648 1-minute data records 

must be valid. 
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o To calculate 24-hour averages for the UNEP pod, > 1296 1-minute data 

records must be valid. 

Additionally, while the UNEP pod never recorded an RH > 95%, an RH value known to often 

impact light scattering PM sensors, the ambient reference monitor recorded multiple instances of 

such events. To examine the impact of RH on UNEP pod PM response, UNEP pod PM data was 

parsed based upon the reference RH value > 95% and this subset of the data was investigated 

separately.  

An automated executable macro was developed by the US EPA to ensure reliability in the 

matching of date/time stamp records from reference and UNEP pod data files. The automated 

process streamlined the full evaluation of the data to allow summary comparison at a wide 

variety of time integration values (e.g., 5-min, 1-hour). Visual highlights within the spreadsheet 

occurred when a data cell was empty, nonsensical (e.g., an alphanumeric instead of a value), or 

otherwise outside the quality assurance requirements. Ultimately, processed and validated data 

from both the AIRS reference and UNEP pod were integrated into a single electronic spreadsheet 

having a matched date/time stamp, as shown in Figure 6. 

 

 

Figure 6. Matched time stamp data for UNEP Pod and AIRS reference data 
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3.0 UNEP Pod Results and Discussion 

The comparisons of PM2.5, PM10, RH, and temperature data measured by the UNEP pod and 

collocated AIRS reference monitors are reported here. As previously stated, while gas phase 

pollutants were measured during the evaluation, a comparison to reference monitoring data was 

not pursued. This comparison was not pursued because of a lack of reasonableness in the data 

with respect to observed reference monitoring concentrations over the course of the study. The 

UNEP has been provided raw data from its pod as well as reference monitoring data to allow 

them to further investigate gas phase sensor response. Some observations are noted in the 

Appendix, but no further discussion concerning gas phase sensor performance is available in this 

current report. 

In this study, 1-minute data from the UNEP pod were averaged over various integration periods 

(e.g., 5-minute, 1-hour, 12-hour, and ultimately 24-hours) and then compared with the time/date 

stamp matched reference data. These comparisons included time series inspection as well as 

linear regression statistical analyses. Data associated with the monitoring period from 11/03/16 

through 12/02/16 were available for these comparisons, with a total of 40264 1-minute records 

collected. Ultimately, a total of 39508 1-minute records was included following full execution of 

all QA requirements. This equated to a 98.0% 1-minute data inclusion rate available for 

statistical treatment. Examination of the impact of RH on pod performance resulted in a higher 

exclusion rate of the data, resulting in only 91.3% of the original data records being available for 

analysis. 

Various parameters were theorized as having a potential impact on the response of the UNEP 

pod with respect to reporting PM mass concentrations. More specifically, the impact of both 

ambient RH and temperature were investigated and reported for both PM mass fractions. 

3.1 RH Comparison 

A linear relationship between the UNEP pod’s measured RH data and the AIRS reference RH 

data was observed (R2 = 0.91). The slope (m=0.61) in Figure 7 indicates that while there was a 

linear response, the UNEP pod significantly underreported the true ambient RH (by ~ 40%). The 

time series plot shown in Figure 8 clearly depicts this response issue. It should also be noted that 

the UNEP pod had a positive bias of ~ 3% (intercept of the linear equation). In the US EPA’s 

previous experience, it is unusual for most commercially available RH sensors to deviate this far 

from the true value if they are performing correctly. It is theorized, in this case, that the RH 

sensor resides inside the encasement of the pod, and therefore the readings it provides might be 

impacted by non-ambient conditions. In other words, there might be a drying effect of the 

interior air space inside the encasement of the pod, effectively lowering the reported RH. Heat 

emanating from the internal sensors might be such a drying mechanism. An alternative 

explanation is that the RH sensor might be positioned in a less than favorable fashion within the 

pod (i.e., next to something warm) or its original calibration response algorithm was less than 

adequate. Removal of the sensor from the UNEP pod for testing under standalone conditions 

would be one means of examining this question. 
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Figure 7. Linear Regression of the UNEP pod versus the AIRS reference RH 

 

 

Figure 8. Time series showing the response offset of the UNEP pod versus the AIRS reference RH 

 

It is important to have RH data that are accurate and coincide with other environmental 

measures. The US EPA has found optical-based PM low-cost sensors frequently to be highly 

sensitive to RH values exceeding 95% (Jiao, 2016). Sensors of these types often yield extremely 

biased (high) responses. Exclusion of sensor data above the 95% response inflection point has 

been shown to significantly improve performance comparisons versus reference monitors 

(Williams, 2014b). Therefore, the US EPA investigated the impact of RH relative to the PM2.5 

and PM10 responses to determine whether an additional quality assurance parameter needed to be 

included as part of the raw data exclusion criteria. True (ambient) RH data obtained from the 

collocated reference monitor were used in these investigations because of the clear 
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underreporting of the UNEP pod’s RH sensor. Time series comparison of ambient RH with 

respect to PM2.5 and PM10 responses is shown in Figure 9. As can be seen, the RH and PM mass 

concentrations follow no clearly observable pattern. 

 

 

Figure 9. PM response relative to ambient RH conditions 

Regression analysis of this same 24-hour average data set reveals a modest trend of an increasing 

UNEP Pod PM response with an increasing ambient RH, as shown in Figure 10. Even so, the 

regression outcome was not highly correlated sufficiently (R2 < 0.18) to warrant data exclusion 

for this potential co-factor. Examination of shorter averaging time intervals (e.g., 5-minute, 1-

hour) as reported in Table 1, and illustrated in Figures 11 and 12 using 1-hour average data, 

revealed even less statistical basis for RH exclusion. 
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Figure 10. Regression of 24-hr average PM concentration from the UNEP pod versus reference RH 

 

Table 1. Impact of applying > 95% RH exclusion criteria on the strength of the UNEP pod versus 

reference PM mass concentration comparison (reported as R2 values) at various averaging times 

Time Interval R2 PM2.5 vs Reference RH R2 PM10 vs Reference RH 

5 minutes 0.02 0.02 

1 Hour 0.02 0.02 

4 Hours 0.02 0.02 

12 Hours 0.02 0.03 

24 Hours 0.14 0.18 
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Figure 11. Regression of 1-hr average PM2.5 concentration from the UNEP pod versus reference RH 

 

Figure 12. Regression of 1-hr average PM10 concentration from the UNEP pod versus reference RH 

3.2 Temperature Comparison 

Figure 13 shows a time series plot of temperatures measured by the UNEP pod and the ambient 

reference monitor. Regression of the comparison revealed excellent agreement between the 

UNEP pod’s temperature sensor’s response versus reference data, with an R2 value > 0.96, as 

shown in Figure 14. Nevertheless, the sensor revealed a significant degree of positive bias (> 7 
oC). We believe that it is likely that this bias is related to sensor being embedded within the 

encasement of the UNEP pod, therefore potentially being heated by its internal electronics. An 

alternative causality might be, as noted previously the manufacturer’s calibration or the raw 

signal conversion algorithm developed for the sensor. As in the case of RH, the linear regression 

of PM2.5 and PM10 versus the reference temperature, even on a 24-hour average basis, revealed 

no statistical association, as shown in Figure 15. 
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Figure 13. Time series comparison of UNEP pod versus AIRS reference temperature 

 

 

Figure 14. Regression of UNEP pod versus AIRS reference temperature 
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Figure 15. Regression of 24-hr average UNEP pod PM response versus reference temperature 
 

3.3 PM Mass Concentration Comparisons 

As stated in previous sections of this report, neither temperature nor relative humidity comparisons 

revealed any significant correlation association with the UNEP pod’s PM response. Therefore, all 

data meeting the inclusion criteria discussed in Section 2.5 were incorporated into the comparisons 

reported herein, resulting in a very large data set of 1-minute measurements (39,508) available for 

statistical review. As reported in many US EPA examinations of sensor performance, longer 

averaging times (e.g., 24-hour average) typically result in improved statistical agreement between 

sensors and reference monitors (Jiao, 2016). This result is directly relatable to the general 

smoothing of data over the longer averaging times. However, the current report shares selected 

findings associated with shorter time intervals because many elements of the public sector attempt 

to use shorter periods of environmental monitoring (hours or even minutes) in conducting exposure 

assessments. Since PM10 and PM2.5 are often highly related with respect to mass concentration 

trends, both mass concentrations are reported here in the general discussion of the UNEP pod’s 

performance characteristics. In general, findings from both mass fractions resulted in the same 

pattern of UNEP pod response and performance characteristics. Figures 16 and 17 reveal 24-hour 

average time series trends associated with both mass fractions. There are periods in both mass 

fractions in which the UNEP pod either significantly over-reported or under-reported the true 

(ambient) mass concentration. In numerous instances, the mass concentration difference between 

the UNEP pod and reference monitor was more than 100%. 
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Figure 16. 24-hr average PM2.5 concentration time series for the UNEP pod and AIRS reference monitor 

 

 

Figure 17. 24-hr average PM10 concentration time series for the UNEP pod and AIRS reference monitor 

The 24-hour average regression comparisons for both size fractions, depicted in Figures 18 and 19, 

reveal no statistical association between the pod’s response and collocated reference monitoring (R2 

< 0.0002). This lack of agreement would not be expected to be related to a sensitivity issue of the 

OPC-N2 based upon the manufacturer’s specification data and the US EPA’s own experience 

operating this same PM sensor (EPA, 2017a). Ambient concentrations often exceeded 15 g/m3, a 

value which should be easily detected with most optical particle sensors. Additionally, the AIRS 

experienced a multi-day episode characterized by transported windblown forest fire smoke during 

the evaluation that resulted in PM2.5 concentrations exceeding 50 g/m3. It should be noted that the 

two PM2.5 and PM10 data points > 60 µgm3 observed on the first 2 days of the study warranted 

additional review, as they appeared to be potential outliers.  
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Figure 18. UNEP pod versus reference 24-hr average PM2.5 concentration 

 

Figure 19. UNEP pod versus reference 24-hr average PM10 concentration 

 

Figure 20 shows the 5-minute average data for the first half of the study only, to examine details 
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as to examine the relationship of the pod’s PM to the reference RH. The pod’s PM does appear 

to make a sudden shift early on 11/6/16, likely explaining the high 24-hour average 

concentrations in the first 2 days of the study. However, removal of these first 2 days of 

monitoring before the downward baseline shift had minimal impact on the daily pod response for 

both size fractions versus FEM comparisons (R2 < 0.07).  

Considering their relationship to RH, the PM concentrations of the pod appear generally to track 

ambient RH. The reason for the lack of correlation reported previously is the periodic drop in 
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concentrations to zero or near zero, typically during or towards the end of high RH periods. 

Further review of these same time periods in which data were excluded when the pod’s PM2.5 

response had fallen sharply to values between 0 and 5 µg/m3 provided minimal improvement of 

the pod’s correlation with the ambient FEM (R2 < 0.21). 

 

 

 

Figure 20. 5-minute UN EP pod response versus ambient RH at study onset 

 

Regressions of 1-hour averages of UNEP pod concentrations versus reference PM concentrations 

are shown in Figures 21 and 22. As these two figures show, and as Table 2 reports, no 

observable association between the UNEP pod PM and the reference monitor PM existed for 

either mass fraction.  
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Figure 21. 1-hour average UNEP pod versus AIRS reference PM2.5 concentration 

 

Figure 22. 1-hour average UNEP pod versus AIRS reference PM10 concentration 
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4.0 Ease of Use Features and Concerns 

4.1  Hardware 

The US EPA found the UNEP pod to be of solid construction and robust relative to its ease of 

use once it was initialized (software acquisition and familiarity). The UNEP pod, in its normal 

state, is to be mounted on a vertical structure. The US EPA operated the UNEP pod with the 

primary encasement in a horizontal position, with the inlets to the sensors (presumed to be 

around the narrow edge) in a vertical orientation (see Figure 2). UNEP consultation concluded 

that this orientation would not obstruct the inlets.  

It would have been beneficial for the US EPA, as an end user, to have had a greater 

understanding of the UNEP pod and its components available through the labeling of the UNEP 

pod encasement’s parts. For example, defining the various inlets, fan housings, and other 

features either on the UNEP pod itself (preferred) or in the provided study materials (operating 

procedures) would have engendered greater confidence that all users could operate the device 

successfully. One could envision other operators orienting the device in such a manner that an 

inlet or other feature was hindered or impacted by its placement. Although the UNEP pod did 

have indicator lights reporting its base state of operation, an actual LED screen on the UNEP 

pod’s face showing real-time data values would be beneficial for assuring basic operating status.  

4.2  Data Processing 

The UNEP pod was operated reliably, and data accessed successfully, with the exceptions 

previously noted about processing errors. Processing the data from its raw form into its final 

form was labor intensive. It would be valuable to other users if the developers could make the 

following design improvements: 

 Incorporate automated processing using a script directly integrated into the 

microprocessor that takes the raw data and performs all the data transformations 

without operator involvement, allowing for the output file to be immediately useable. 

The US EPA has developed numerous pod systems for collecting both particulate 

matter and gas phase pollutants and such design features have proven to be extremely 

effective. 

 Integrate a removable SD card. A removable SD card would allow processed data to 

be easily accessed from the UNEP pod in situations where cellular communication is 

not reliable or available. 

 Consider solar power with back-up battery solutions. The current design requires 

access to land-based power supplies (e.g., 115 volt). It is doubtful that every remote 

location will have such a benefit. In the US EPA’s experience, relatively small (18 

inch by 18 inch) solar panels are sufficient to power a pod of this nature. 
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4.3  Study Limitations 

Several important study design limitations need to be addressed relative to the observations 

reported in this effort. A primary concern is the fact that only a single UNEP pod was evaluated. 

The US EPA has observed in examining low-cost sensor performance that even when sensors are 

manufactured as part of the same bulk process, a wide range in performance can occur under 

various test scenarios (Jiao, 2016). Therefore, the poor association observed here with respect to 

the OPC-N2 response, as well as the unknown factor(s) impacting the gas phase sensors, might not 

be reflective of the UNEP pod’s true performance if a larger number of pods had been evaluated.  

Study resources limited the US EPA’s ability to operate the UNEP pod for a longer period of 

time during the evaluation. The UNEP pod’s response was examined under conditions nominal 

for the eastern U.S. geographical area during only a single seasonal period (fall). The site 

experienced a fairly narrow range of 24-hour average temperatures (typically between 3 to 

20oC), with some periods of extended precipitation (rainfall). Collectively, this suggests that 

evaluation of the UNEP pod under different climatic conditions might yield different results. 

Nevertheless, no statistical basis for either the RH or temperature to be a factor influencing the 

pod’s PM performance was observed.  

The Research Triangle Park area typically has ambient PM2.5 mass concentrations well under 12 

µg/m3 (Williams, 2003). This location was selected not because it provided an expected wide 

range in day-to-day variability in PM mass concentrations but because of its convenience (the 

availability of US EPA staff and operating reference monitors). Tests conducted in a more 

challenging environment might have yielded improved performance. The US EPA has witnessed 

such improvements when PM sensors of the same type have been examined by other scientists 

conducting evaluations where historically higher ambient levels of PM mass concentrations have 

been reported (SCAQMD, 2017). Some low-cost PM sensors, such as the one examined here, 

might have improved performance at the higher end of their operating range as opposed to values 

at or near their lower detection limit. However, ambient concentrations observed during the 

study did reflect a major emissions plume that significantly impacted local air quality for some 

period of time (24-hour averages of PM2.5 > 50 ug/m3). Evaluation under even more extreme 

conditions, such as those that might exist in many developing countries, may have resulted in 

different performance characteristics.  

The US EPA operated the pod using data recovery software developed by the UNEP specifically 

for this study due to telecommunication restrictions (data security requirements). As such, data 

were harvested weekly from the UNEP pod and then processed using executables provided. It is 

unknown if the UNEP pod, when used in its normal state (data transmission via a 

telecommunication service to a dedicated server with presumed automated data processing), 

might have had an impact upon data quality.  

The internal components of the UNEP pod were not examined, as the US EPA purposefully 

tested the pod without any opportunity to negatively influence (damage) such components. It is 

unknown if all internal components worked as the UNEP desired. A failure of various 

components responsible for movement of air mass over or through the various sensor bodies 

could have occurred without our knowledge. 
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4.4  Conclusions 

The US EPA’s previous experience with low-cost sensor performance evaluations provided a 

context in which to draw conclusions concerning the UNEP pod and its overall capabilities to 

accurately estimate local environmental concentrations. The device was determined to be 

extremely stable relative to its operational status. It worked without failure with respect to 

collecting data for more than a 1-month period once it was initialized. The device appeared to be 

solidly constructed (external encasement) and, to US EPA knowledge, no failure of primary 

operating components (e.g., fans, electronic boards) occurred during the evaluation. The US EPA 

speculates that the RH and temperature sensors within the UNEP pod are being influenced by 

other electronic components, as observations indicate measurement values indicative of some 

systematic influencing factor. This might present a significant issue if RH exclusion criteria were 

ever applied to the data as a normal practice during UNEP pod operation.  
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6.0 Appendix  

 

Data Harvesting and Processing Procedures 

Before each data extraction, the current time on the BeagleBone was set by the study computer 

using PuTTY using the following command: 

root@beaglebone:~# date 

The results are provided in Figures A1-A5. 

 

Figure A1. PuTTY command code. 
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Figure A2. PuTTY command code (continued) 

 

Figure A3. PuTTY command code (continued) 
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Figure A4. PuTTY command code (continued) 

 

Figure A5. PuTTY command code (continued) 
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Data were extracted and archived weekly without restarting the UNEP pod using the following 

commands in the psftp console: 

psftp> open  

psftp> mget -r data 

The data were copied into the windows folder that stores the psftp.exe file. Data were archived in 

a different folder to prevent other historical files from being amended during the data extraction 

process. 

The directory structure after the final extraction on 12/06/16 is shown in Figure A6. 

 

 

Figure A6. Example file directory 

 

The directory structure did not provide for separate folders for each month, resulting in new data 

and data from the previous month (but same day of the month) being integrated together in the 

same file. 

Inside these folders, raw hourly data were stored in separate files, as shown below in Figure A7. 
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Figure A7. Example hourly data file directory 

 

Data for Different Months in the Same File 

Below are two examples in which data from a previous month’s data collection are mixed in with 

data from the current month. Figure A8 shows that every other record is data from a previous 

month. Figure A9 shows only two records that are data from a previous month. The September 

data records are thought to be data previously collected by UNEP in testing the device that 

remained in the processor’s memory. 
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Figure A8. Example of suspected monthly data file reporting error 

 

 

Figure A9. Example of suspected monthly data file reporting error (continued) 

 

Sensor Pod PM Sensor Spikes  

As shown in Figures A10 and A11, anomalous spikes in PM2.5 and PM10 concentrations occurred 

at the top of every hour (XX:00). These data were removed from the colocation correlation 

analysis. 
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Figure A10. Anomalous concentration spikes 

 

 

Figure A11. Anomalous concentration spikes (continued) 

 

Repetition of Time Stamp 

Same time stamps: 

 

Figure A12. Repetitious time stamps 

 

In Figure A12, note that the PM data for identical time stamps (highlighted) are different. For 

these analyses, the second instance of the same time stamp was deleted and not included in the 
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correlation analysis. Though it is likely that the first instance shown in this illustration describes 

time stamp 0:01 and the second describes for timestamp 0:02, determining which data record to 

delete is inconsequential since a full set of data records (five 1-minute measurements) was 

required to compute 5-minute averages based on the 90% data completeness rule. 

 
Investigation of the NO2 Concentration Computation 

A macro file provided by UNEP (Gas-ppb.xlsm) was used to compute the gas concentrations 

from the electronic output of the sensor. All the reported NO2 concentrations in the resulting 

processed data files were small negative numbers. A cursory look at these results would lead one 

to suspect that the sensor was not functioning properly. However, these concentrations are based 

on a temperature correction algorithm and other correction factors and applied to the raw sensor 

output through the macro code. Such a situation creates numerous opportunities for errors to be 

introduced, so the algorithm, correction factors, and their application in the macro were 

examined in detail. The findings are best illustrated through an example calculation performed 

manually.  

Alphasense Ltd., the manufacturer of the gas sensors used in the UNEP pod, has developed 

correction algorithms for correcting zero background currents due to temperature changes. These 

are provided by the Alphasense Application Note AAN 803-02, “Correcting zero background 

currents of four electrode toxic gas sensors due to temperature changes”. Both the recommended 

algorithm and the alternate algorithm for NO2 provided in this application note are for the “A” 

series sensors. However, the UNEP pod uses the “B” series sensor for NO2. The implications of 

applying the algorithms to the B series sensor are not discussed in the application note. 

An example calculation was performed manually and compared with the results provided by the 

macro to confirm the macro code or identify errors. Two errors affecting NO2 computations were 

found and corrected (discussed under the heading “Macro Code Errors” later in this Appendix). 

All computations going forward were based on the corrected macro. The following explanation 

demonstrates an example calculation for data record 11/18/2016, 13:00 EST, which was selected 

based on the high NO2 concentrations reported on that day by the reference monitors to ensure a 

robust measurement.  

For NO2, the recommended algorithm is WEC = WET – nT*AET, where WEC is the corrected 

working electrode, WET is the uncorrected working electrode, nT is the temperature dependent 

correction factor, and AET is the uncorrected auxiliary electrode. 

Alphasense supplies electronic offsets that are unique to each sensor. For the NO2 sensor in the 

UNEP pod, these offsets (as provided to the US EPA by UNEP) were 282 mV for the working 

electrode and 276 mV auxiliary electrode. These electronic offsets must be subtracted from the 
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raw readings before applying the temperature corrections. The raw WE and AE are reported in 

units of volts (V), so these values must first be converted to mV. 

The following is an example of the calculation for data record 11/18/2016, 13:00 EST, which 

was selected based on the high NO2 concentrations reported on that day by the reference 

monitors, ensuring a robust measurement. 

Raw WE = 0.224165 V = 224.165 mV 

Raw AE = 0.220737 V = 220.737 mV 

Raw WE minus offset = 224.165 – 282 = -57.835 mV = WET (uncorrected working 

electrode, EC2_WE_mV, column P) 

Raw AE minus offset = 220.737 – 276 = -55.263 mV = AET (uncorrected auxiliary 

electrode, EC2_AE_mV, column O) 

A temperature of 31.26 degrees C was reported by the UNEP pod for this data record. The 

temperature dependent correction factor nT was 0.3728, as interpolated from discrete values 

supplied in table in the Alphasense Application Note. (This computation was also confirmed 

manually.) 

These results were applied in the recommended algorithm as follows: 

WEC = WET – nT*AET = -57.835 mV – 0.3748*(-55.263) = -37.122 mV 

The algorithm requires each term of the equation to be in units of nA rather than mV, so this 

result must be converted to nA using the correction factor -0.73 nA/mV (supplied by Alphasense 

and provided to the US EPA by UNEP): 

WEC (nA) = (-0.73 nA/mV)*(-37.122 mV) = 27.099 nA 

To obtain the concentration units, this result is divided by the sensitivity factor (SF) -380.5 

nA/ppm (supplied by Alphasense and provided to the US EPA by UNEP): 

NO2 concentration = WEc (nA)/SF = 27.099 nA/(-380.5 nA/ppm) = -0.0712196 ppm 

The concentration is converted to ppb by multiplying by 1000, yielding a concentration of -71.2 

ppb. The concentration reported by the reference monitor for this time period was 55.5 ppb. But 

for the signage issue, this would be a reasonable comparison. A cursory review of the output for 

some other data records comparing the macro-computed NO2 concentrations with the reference 

monitor NO2 concentrations shows that this observation is backed by reasonable evidence, and 

that it is not unreasonable to pursue this line of inquiry to solve the NO2 measurement problem. 

It is recommended that such a line of inquiry involve detailed sharing and review of these 

findings with the manufacturer.   



38 

 

The Effect of Reported Temperature on Gas Concentration Computations 

As reported in section 3.2, the temperature sensor in the UNEP pod showed a positive bias > 7oC 

compared with the temperatures reported by reference devices. It was hypothesized that this bias 

might be the result of heating within the encasement of the UNEP pod, or of a calibration bias. 

Either hypothesis raises the question of which temperature should be used in the gas concentration 

algorithms. If the true temperature in the UNEP pod that is influencing the gas sensor measurements 

is lower than what is being reported, then what is the effect on the computed concentration? 

To resolve this issue, the ambient reference temperature of 22.6 °C was substituted for the UNEP 

pod temperature of 31.26 °C for the above example. The corresponding temperature dependent 

correction factor is then 0.548. Applying this to the example yields an NO2 concentration of -

52.857 ppb, compared with the reference concentration of 55.5 ppb. This would be quite a good 

comparison were it not for the signage issue.  

Macro Code Errors 

Errors in the macro code were discovered during the investigation of the computation of the NO2 

concentrations. The errors, and their recommended solutions, are summarized here: 

1) In computing the uncorrected working electrode value (column P – EC2_WE_mV), the 

code referred to the column for the raw auxiliary electrode (column K – NO2A1N2) 

rather than to the column for the raw working electrode (column L – NO2A1N3). The 

following is the code affected: 

 Change Range (“P”) select 

 ActiveCell.Formula R1C1 = “(RC[-5]x1000]-282 

The US EPA recommended that the relative cell indicator be change from RC[-5] to RC[-

4] to refer to the correct column, and UNEP supplied the corrected code. 

2) Sensitivity factors are in units of nA/ppm, but the macro-produced spreadsheet identified 

computed concentrations as ppb. The US EPA recommended that a factor of 1000 be 

applied in the code to report the results as ppb, and UNEP supplied the corrected code. 

Through further examination of the data files, a data sorting error was discovered. The date/time 

stamps in the processed output showed that some time periods had apparently been omitted. 

Upon closer examination, it was found that a block of records that should have appeared earlier 

in the time column were added instead to the end of the column after 23:59. The issue was found 

to lie in the sorting subroutine, wherein all sorting code referred to rows 2 through 1440 (or less). 

The US EPA recommended that the sorting code be amended to refer to rows 2 through 1441 

(assuming no extra records are included from previous months). The US EPA determined that 

the best approach to managing these data files, some of which contained extra data records, was 

to sort the data again manually following application of the macro to complete the data sorting 

and put records in the proper order. 



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
PRESORTED STANDARD 
 
 

POSTAGE & FEES PAID 

EPA 

PERMIT NO. G-35 
 
 
Office of Research and Development (8101R) 

Washington, DC 20460 
 
Official Business Penalty 

for Private Use $300 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 




