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Abstract

The emergence of the Internet of Things is resulting in an increased ability of devices and systemsto share
data andis generating increasing interest in integrating sensors into a variety of devices deployed in the built
environment. The value of such data isa function of howthe data can be used. Data-producing devices and
systemsthat enable valuable use-cases in turn can be seen as more valuable. Lighting systems are particularly
interesting platforms forintegrated sensors. Both indoorand outdoorlighting devices are becomingmore
connected, and theirlocation is often ideally suited forhosting environmental sensors that can characterize the
properties of indoor or outdoorspaces in waysthat support a wide variety of use cases, from improvingair
quality to supporting fault diagnostics and prediction. The value of environmental-sensor-driven use-cases and
the lighting systemsthathouse them is dependent to some degree on sensor accuracy.

Environmental sensors utilize a wide variety of sensing techniques ortechnologies and have varyingaccuracy.
More-accurate, laboratory-grade products orreference standards are often used to characterize, refine,
calibrate,adjust,and monitordevicesthatare deployed, orare intended to be deployed, in physicalspaces of
interest. Sensors or reference standardsneed to be calibrated periodically to ensure that theiruse yields
accurate measurements. Calibration needs, however, vary in sophistication, based on userand use-case
requirements. This paperprovides guidance forevaluatingthe performance of environmental sensors so asto
ensure that they meet user or use-case needs. It describes best practices that have been developed fora)
calibrating sensors to ensure some known level of accuracy,and b)determining whether calibration-laboratory
accreditation meetsuseroruse-case needs. Excerpts from laboratory scopes of accreditation are shared
toreveal the diversity of terminology and format amongthem.In an effort to aid those who currently have
sensors calibrated orwho have newor changing needs for sensorcalibration, rationale is provided for why a
specification might be used to request calibration services that meet specific needs.

Commercially available calibration-service providers that are accredited forenvironmental-sensor calibration
are compared and contrasted, and a specification template that might be used for requesting this calibration is
presented. The specification template should be tailored to meet each user’s needs. To illustrate, an example
set of environmental-sensor test conditions (reflecting the planned usage of the device to be calibrated)is used
to develop a customized calibration specification,and commercially available service providers are assessed in
terms of their accreditation forcalibration to thatparticularimplementation of the specification template.

Introduction

Environmental sensors are used to characterize properties of indoor or outdoorspaces, such as temperature,
humidity, or air quality. Such sensors are used for many purposes. They are commonly used to determine
whether the heating, ventilation, and air conditioning (HVAC) systems that condition indoorspaces are
delivering the target level of service. Sensors are installed in outdoorspaces to monitorthe impacts of, for
example, automobile tra ffic, manufacturingbyproducts, orweatheron air quality. Emerging systemsthatare
capable of detecting fault conditions can use environmental sensordata to help diagnose (i.e., identify the root
cause)and possibly predict the future occurrence of faults. The emergence of the Internet of Things (IoT) from
primarily industrial applications into more-mainstream applications has led to the growing integration of low-
costenvironmentalsensors into a wide array of end-use devices, including indoor lighting fixtures and outdoor
streetlights.

Commercially available sensors utilize a wide variety of sensing techniques ortechnologies and characterize
properties with varying accuracy. More-accurate, laboratory-grade products orreference standards are often
used to characterize, refine, calibrate, adjust,and monitordevices that are deployed, orare intended to be
deployed, in physicalspaces of interest. Sensors or reference standards need to be calibrated periodically to
ensure that theiruse yields accurate measurements. Specifically, calibration helps to improve trueness by
minimizing systematic error (e.g., due to instrument bias),as opposed to improving precision by minimizing



random error (e.g., due to variation attributable to different operators). However, calibration doesenable
quantification of measurement uncertainty. International Organization for Standardization (ISO) standard
5725-1:1994 provides definitions foraccuracy, trueness, precision, and related terms (ISO, 1994).

Calibration needs vary in sophistication, based on userand use-case requirements. At one extreme, the user of
a measuringinstrument (i.e., measuringequipment) may only want orneed a rough sense of a measured
quantity, the instrument may exhibit relatively poorresolution and precision, and the usermay neverhave the
instrument calibrated. While such a situation might suffice, for example, when a lighting design comfortably
meets requirements, it can pose problems when little room is left for measurement error, and a code inspection
by the local authority havingjurisdiction determines that illuminance is noncompliant. At the next level of
sophistication, the user may have the instrument calibrated periodically but does not use specifications to
ensure that the calibration laboratory (i.e., calibration service provider) is qualified and that the calibration will
coverthe range of intended use. In this case, the calibration might reduce measurement uncertainty but won’t
necessarily ensure an established or expected level of measurement trueness. A sophisticated userwill develop
specifications for calibration that coverthe range of intended use but will also ensure thatthe laboratory is
qualified to calibrate the measuring equipment.

Government agencies (which must ensure that outdoorair quality meets regulatory requirements) and
manufacturers of devices that characterize properties of indoor or outdoorspaces are examples of entities that
may be more sophisticated in terms of calibration requirements. Such entities may have a smallset of devices
calibrated periodically to serve as internalreference standards,andthen may use these to calibrate
environmental-sensingdevices that will be sold or otherwise put into service, thereby ensuring a degree of
accuracy in the field.

Background

Previous work, focused on specifyingcalibration of energy-measurement equipment, provided some
background on measurement science (i.e., metrology) and metrologicaltraceability, and reviewed calibration
terminology and standards (Tuenge etal., 2020).

Many types of environmental sensors exist, varying in the quantity measured orthe measurement principle
used for a given quantity. A sensing element that doesnot itself provide any indication (i.e., no “reading” or
reported quantity value) cannot be calibrated; consequently, the term “sensor” asused herein refers to
measuring equipment that provides such an indication — thereby enabling comparison with the reference used
by the calibration laboratory. This paperexploresavailable means of calibration forequipment used to
measure the following quantities:

e Dry-bulb temperature (DBT)

e Relative humidity (RH)

e Carbon dioxide (COz)

e Totalvolatile organic compounds (TVOC)

e Particulate matter (PM)with diameter<2.5 pm (PM35)

The following foursections provide background on relevant criteria and test methods forthese

quantities. Notably, the focus here is on industry standards; establishing suitable criteria for each quantity (e.g.,
considering health and productivity)is the subject of ongoing research, and a comprehensive literature review
is not attempted herein.



DBT and RH

RH is the amount of water vaporpresent in air, expressed as a percentage of the amount needed for saturation
atthe same DBT. Assuming slow air movement (less than 40 cubic feet per minute) and 50% RH, the
“operative temperatures” recommended in American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) Standard 55-2017 range from 68.5°F to 75°F in winter, and from 75°F to 80.5°F in the
summer, with recommended RH of <65% (NationalInstitute for Occupational Safety and Health [NIOSH],
2015). This aligns with Section 111, Chapter2, Subsection V of the U.S. Occupational Safety and Health
Administration (OSHA) Technical Manual, which recommends 68°Fto 76°F DBT and 20% to 60% RH for
office environments (OSHA, 2020). Air Feature 16 of the voluntary International WELL Building Institute
(IWBI) WELL Building Standard further recommends restricting RH to a range of30% to 50% (IWBI,
2020h). Although conditions are not so tightly controlled in some environments (e.g., warehouses), the
characteristics (e.g., accuracy)of test equipment and test specimens often depend on DBT and/orRH, so it can
be important to record these values during testing. In fact, many test methods specify permissible ranges for
DBT and/orRH.For example, section 3.3.2 (“reference temperature and humidity”) of American National
Standards Institute (ANSI) standard C12.1-2014 (NEMA, 2016) specifies an ambient temperature of 23°C
with RH < 80% noncondensing; no tolerance fortemperature is specified in thatsection, but some other
sections specify 23°C + 5°C (corresponding to a range of 64.4°F to 82.4°F). DBT and RH should also be
recorded when monitoring other quantities, and the required measurement range forboth quantities will
ultimately depend on the use case (e.g., local conditions).

CO2

InTable Z-1 of 29 CFR 1910.1000, OSHA specifies the permissible exposure limit (PEL) for CO; in the
workplace asan eight-hour time-weighted average (TWA) of 5,000 parts per million (ppm). By way of
comparison, OSHA also requires that compressed breathingairmeets the requirements for Grade D breathing
air described in ANSI / Compressed Gas Association (CGA) Commodity Specification for Air, G-7.1-1989,
including a COz concentration of <1,000 ppm [29 CFR 1910.134(1)(1)(i)(D)]. To ensurethatmostspace
occupants will be satisfied with respectto human body odor, informative Appendix Dto ASHRAE Standard
62.1-2016 recommended maintaininga concentration of steady-state COz (as a proxy forbioeffluents) of <
about 700 ppm above outdoorairlevels, which accordingto the document typically range from 300 ppm to
500 ppm in acceptable outdoorair; however, this appendix wasremoved via an addendum in 2018 (ASHRAE,
2019). WELL's Air Feature 03 (IWBI, 2020v)similarly specifies a steady-state CO2 concentration of <800
ppm forspaces>46.5m? (500 ft?) with occupant density >25 people per 93 m? (1,000 ft?). Meanwhile,
WELL's Air Feature 18 (IWBI, 2020m)specifies a resolution of 25 ppm or finer (i.e., smaller) forreported
COz concentration, citing the U.S. Green Building Council (USGBC) Leadership in Energy and Environmental
Design (LEED) v4 Reference Guide for Building Design and Construction (BD+C), Indoor Environmental
Quality (EQ) prerequisite for Minimum Indoor Air Quality Performance.

TVOC

TVOC inexpensively gauges the totalconcentration of multiple (as opposed to all) volatile organic compounds
(VOCs) expected to be present in the air; different TVOC measurement methods can yield substantially
different values (e.g., due to the mixture of VOCs present),and appropriate thresholds forindividual VOCs in
the mixture can vary widely, so the totalconcentration is only usefulin broadly detectingthe presence of
potentially unhealthy pollutants — which would then motivate more-granular monitoringusing more-
specialized sensors (LBNL, 2020). Indeed, research hasnot shown TVOC to be a useful metric for health and
comfort effects in buildings, and there is insufficient scientific basis forestablishing thresholds for TVOC
(Andersson et al., 1997; Molhave,2003;Sundell,2004). WELL’s Air Feature 01 IWBI, 2020s) limits TVOC
concentrations to < 500 ng/m3 and includes a limit for the VOC formaldehyde of <27 parts per billion (ppb),
citing the LEED v4 Reference Guide for BD+C EQ credit for Indoor Air Quality Assessment for both criteria
(but providing a time interval forneither). By way of comparison,the OSHA PEL for formaldehydeis< 0.75
ppm (750 ppb)as an eight-hour TWA (29 CFR 1910.1048(c)(1)).
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PMas

The U.S. Environmental Protection Agency (EPA) hasestablished definitions and limits for PM in Title 40 of
the Code of Federal Regulations (CFR), and background on the processis provided on the EPA website (EPA,
2020).In40 CFR part 58,PM2 s is defined as PM with a nominalaerodynamic diameter<2.5 pm (40 CFR
58.1). Table 2 in its Appendix G provides concentration limits for PM2 5 and fourotherpollutants; the 24-hour
average PM3 5 limits for six Air Quality Index (AQI) categories are as follows: 12.0 pg/m?3 for Good,

35.4 ug/m? forModerate, 55.4 ng/m3 for Unhealthy for Sensitive Groups, 150.4 ug/m? for Unhealthy,

250.4 ug/m3 for Very Unhealthy,and 350.4 pg/m?for Hazardous. The AQI maps ambient concentrations to a
scale from 0 to 500, keyed to the National Ambient Air Quality Standards (NAAQS), and the index value of
100 (high end of Moderate range)is associated with the numericallevel of the short-term standard (i.e.,
averagingtime of 24 hours). Whereas the primary annual PM2 5 standard is met when the annualarithmetic
mean concentrationis< 12.0 pug/m3, the primary 24-hour PM> 5 standard is met when the 98th percentile 24-
hourconcentrationis< 35 ug/m3 (40 CFR 50.18). Meanwhile, Table C-4 to subpart C 0f40 CFR part

53 specifies an acceptable range of 3 pg/m?3 to 200 pg/m3 mass concentration for PM> 5, to enable comparison
of candidate equivalent methods and reference methods. PM3 5 thresholds are geared toward outdoor
applicationsbutarealso applicable indoors (WHO, 2010; Mannshardtetal.,2017). The outdoor “range to
expect” for24-hour PMz s in the United Statesis 0 pg/m?to 40 pg/m3 (Williams et al., 2014).

WELL’s Air Feature 1 limits PM> 5 concentration to < 15 pg/m3 (without specifying time interval), citing the
NAAQS. Butwhereasthe EPA’s limits for PM are based on mass concentration, some requirements are based
onnumberconcentration —i.e., the numberof particles per unit volume (Castell et al., 2017). For

example, WELL’s Air Feature 18 specifies a resolution of < 35,000 counts perm? (1,000 counts per ft?) for
particle count concentration, or< 10 pg/m3 for particle mass concentration. Similarly, OSHA specifies in
Table Z-1 of 29 CFR 1910.1000 an eight-hour limit fora Particulates Not Otherwise Regulated (PNOR)
respirable fraction of <15 ppm, where respirable fractionis generally for PM with a nominalaerodynamic
diameter< 10 um,i.e., PMio (OSHA, 2013).

Calibration of Environmental Sensors

Accreditation bodies (ABs) thatare International Laboratory Accreditation Cooperation (ILAC)Mutual
Recognition Arrangement (MRA) signatories have been peer-evaluated in accordance with the requirements of
International Organization for Standardization/International Electrotechnical Commission (ISO/IEC) 17011 to
assess and accredit conformity-assessment bodies accordingto relevant international standards; forexample,
calibration laboratories are assessed using ISO/IEC 17025. The five U.S.-based ILAC MRA signatories that
accredit calibration laboratories are the American Association for Laboratory Accreditation (A2LA), the ANSI
National Accreditation Board (ANAB), the International Accreditation Service (IAS), the National Voluntary
Laboratory Accreditation Program (NVLAP), and Perry Johnson Laboratory Accreditation (PJLA). Numerous
manufacturers offer calibration services; of these, some use equipment calibrated by an accredited laboratory,
and fewerare themselves accredited to perform the calibrations. It is also common formanufacturers to only
offercalibration services forequipment they produce.

Calibration and measurement capabilities (CMCs) for which each calibration laboratory is accredited by an AB
are documented in the laboratory’s scope of accreditation, which is published on the AB’s website (to aid
finding a suitable calibration laboratory),and often on the laboratory’s website (where it serves as a brochure
of sorts) as well. Scopes of accreditation vary substantially in terms of format and content. Information is
typically presented in tables with four (or occasionally five) columns and multiple rows, where each row
presents a distinct CMC. Column content varies between ABs, between calibration laboratories accredited by
any given AB, and even within a given laboratory’s scope of accreditation. However, column content is
generally as follows:


https://www.ecfr.gov/cgi-bin/text-idx?SID=743833ed63e41ad87d80e8a8073246dd&mc=true&node=pt40.6.58&rgn=div5#se40.6.58_11
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https://www.ecfr.gov/cgi-bin/text-idx?SID=d95af1b0d7a2c439df9330eb92ea3224&mc=true&node=pt40.2.50&rgn=div5#se40.2.50_118
https://www.ecfr.gov/cgi-bin/text-idx?SID=0a99b6b59bb6ca59ca13b2b20eb80686&mc=true&node=sp40.6.53.c&rgn=div6#ap40.6.53_135.4
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e Column 1 describes the quantity (i.e., quantifiable property) of interest and typically clarifies whether it
is being sourced (i.e., generated, output, produced) ormeasured by the equipment beingcalibrated.
Sometimes test conditions for other quantities are provided here as well (e.g., ambient temperature range
when CMC is for humidity).

e Column 2 describes the range(s) over which CMC uncertainty has been determined. These ranges
typically pertain to the quantity beingcalibrated but often also include test conditions for other
quantities.

e Column 3 states the uncertainty forthe CMC. This uncertainty is understood to be the best (i.e., smallest
or lowest) value achievable by the laboratory, and this value (or formula)is valid across the stated range;
the laboratory cannot claim a smalleruncertainty forthe CMC on calibration certificates (ILAC, 2013).
When multiple ranges are given, each uncertainty shown is the smallest achievable by the laboratory
over the correspondingrange.

e Column 4 describes the test method/procedure, the equipment used to perform the calibration, orboth
(ILAC, 2013; A2LA, 2020). Some scopes of accreditation leave this column empty; in such cases, it is
particularly important to seek clarification from both the laboratory and the AB regarding the applicable
test method andcalibration equipment. Notably, in addition to the best CMC that is explicitly addressed
in the scope of accreditation, the laboratory may have multiple otherimplementations of the CMC that
arenonetheless covered by the accreditation, albeit at larger uncertainties; forexample, specific
calibration equipment might be listed in the document, but otherequipmentmight be used instead
(ILAC, 2010).

Scopes of accreditation for calibration laboratories typically distinguish between calibration of quantity-
measuringequipment and calibration of equipment that produces orprovides a quantity. However, these
documents can be difficult to interpret, as the relevant terminology hasnot been harmonized:

o When calibrating temperature-measuring equipment, forexample, coverage is clearest if the scope of
accreditation states “temperature-measuring equipment” or “equipment to measure temperature” in the
first column fora CMC. The terms “temperature —source” and “temperature — generate” are less clear
butalso acceptable (and very common). It is unlikely that calibration of temperature-measuring
equipmentis covered if the scope of accreditation only states “temperature — measure” in the first
column (i.e., with no CMC for “temperature — source” or “temperature — generate” or “temperature-
measuringequipment”). In this case, it would be advisable to seek confirmation from boththe calibration
laboratory andits AB, and to request documentation detailingthe test method orprocedure (e.g.,
showing how a reference probe is used in an environmental chamberthatisnot described in the scope of
accreditation).

o When calibratingtemperature-generating equipment, coverage is clearest if the scope of accreditation
states “temperature-generating equipment” or “equipment to generate temperature” (or substitute
“sourcing” for “generating” and “source” for “generate” in these two phrases)in the first column for a
CMC. The term “temperature —measure” is less clear but also acceptable (and very common).

e Ifa CMC is only described as “temperature” in the first column, it is not immediately clear whether the
laboratory is accredited to calibrate temperature-sourcing equipment, temperature-measuring equipment,
or both. However, make/modelinformation forthe calibration equipment is often provided in the last
column of the CMC, and this might provide clarity. In any case, it would be advisable to seek
confirmation from boththe calibration laboratory and its AB.

The three-year grace period forlaboratory compliance with ISO/TEC 17025:2017 expires in November2020
(ILAC-ISO, 2017). Similarly, the three-year grace period for scopes of accreditation to comply with ISO/IEC
17011:2017 expires in November2020 (IAF-ILAC, 2017). Consequently, some scopes of accreditation


https://jcgm.bipm.org/vim/en/1.1.html

updated after November2017 may not yet reflect compliance with the 2017 versions of these standards. For
example, many labsstill do not state the method/procedure orcalibration equipment in their scope. ILAC-
P14:01/2013 statesthata scope of accreditation must —foreach CMC —state the method/procedure, the
calibration equipment, orboth (ILAC, 2013). In contrast, ISO/IEC 17011:2017nowrequires both of these
elementsto be present (IEC,2017).

Section 2.2. of ILAC-G18:04/2010permits some flexibility if the scope of accreditation is explicitly flexible
(e.g., regarding analytes and methods) but does not allow flexibility regarding quantities ormeasurement
principles (ILAC, 2010). Section 2.1 of the same document suggests that, even if the scope is not explicitly
flexible, range and uncertainty can be omitted from the scope of accreditation. In contrast, section 5.1 of
ILAC-P14:01/2013 stipulates that range and uncertainty be stated foreach CMC.

Below are foursections that discuss calibration of equipment used to measure DBT, RH, CO2, TVOC, and/or
PM3 5. General considerations from these discussions include the following:

e The authors sought relevant scopes of accreditation from the five aforementioned U.S.-based ILAC
MRA signatories that accredit calibration laboratories, using their online search tools and the Google
search engine. The search tool on the NVLAP website did not function properly when search terms
included numerals (e.g., CO2 or PMz25), and the site is not searchable via Google, so some laboratories
accredited by this AB for such calibrations likely escaped detection by the authors.

e EPA gives requirements in Appendix B to 40 CFR. part 60, for continuous emission monitoring systems
(CEMY) in “stationary sources” such as smokestacks to measure concentrations of CO; (Performance
Specification 3), TVOC (Performance Specification 8),and PM2 5 (Performance Specification 11).
However, such applications typically differ greatly from indoorenvironments in terms of concentration
and flow rate.

e Localenvironmental conditions (e.g., temperature, humidity, airborne pollutants) can affect sensor
accuracy, so field calibration may be preferred when laboratory calibration is performed under
conditions thatare notrepresentative (Maagetal., 2018). Field calibration via comparison with
collocated reference equipment canbe more advantageous in terms of cost and accuracy; forexample, by
accounting forlocalconditions not reflected in a controlled laboratory environment (Spinelle et al.,
2017f; Kim et al., 2018; Forbes, 2020). However, such reference equipment is itself costly and not
alwaysavailable. In addition, field tests with uncontrolled temperature and humidity can make it
impossible to distinguish between their respective effects on sensor response (Spinelle etal., 2017f).
Researchershave in recent years developed environmental chambers capable of regulating pollutant
levels in addition to temperature andhumidity (Omidvarbornaetal.,2020),and similar calibration
equipment may soon appearin laboratory scopes of accreditation. Field calibration can sometimes be
effectively done with forced air or diffusion-based reference sources. Notably, these methods invariably
disturb the local environment and are thus imperfect.

DBTand RH

Although some devices only measure DBT or RH, many measure and report both quantities simultaneously. It
is fairly common forthe rated accuracy of measuringequipment to be a function of ambient DBT and/orRH,
so calibration is ideally performed across a set of quantity values, where different combinations are achieved
by independently varyingeach of the two quantities. Some devices mate with calibration equipment produced
by the same manufacturer, or with equipment designed to the same compatibility standard (e.g., CGA_V-

1). Devices thatare not designed to be used with such calibration equipment are best calibrated in the field via
comparison with a reference meter, or by calibration laboratories that are accredited to calibrate such
equipment in environmental (i.e., exposure) chambers. The CMC should state the covered temperature and
humidity ranges, as well asany requirements for compatibility with calibration equipment (e.g., make/model
information forthe environmental chamber).
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Table 1 provides excerpts from example scopes of accreditation for U.S. laboratories suitable for calibration of
DBT- and RH-measuringequipment in environmental chambers, found via online searches (using AB websites
and Google) fordocuments that contained the term “humidity” (the resulting set was then searched locally for
the term “temperature”). Notably,none of these scopes of accreditation distinguish between DBT and wet-bulb
temperature; similarly, some only state “humidity” (in lieu of the more specific “relative humidity”)in the first
column of the CMC, although “RH” is often used to describe the range. In addition, two of the examples state
one or more temperature ranges forthe humidity CMC. Three of the examples state the make/modelof the
calibration equipment, thereby enablingreview of product data sheets and usermanuals; this can, forexample,
help to confirm that the internaldimensions will accommodate the equipment to be calibrated.

CO2

Although a gas chromatograph/mass spectrometer (GC-MS) could be used to identify gases and quantify ther
relative abundance in the surrounding air mixture, it is more typicalto use one or more relatively inexpensive
sensors thatare each calibrated to yield maximum response fora particular gas of interest (while also
inadvertently exhibitingsome response to other gases). Non-dispersive infrared (NDIR) sensors are typically
used for CO2 monitoring(Maaget al,2018; Hayatetal,,2019). Temperature affects NDIR sensor accuracy,
and some equipment features automatic compensation (Alphasense,2014). Meanwhile, humidity can affectthe
accuracy of some NDIR sensors (Shrestha, 2009; Kim et al., 2018; Marinov etal., 2018). Consequently,
calibration would ideally be performed across multiple DBT and RH points—forexample, in an environmental
chamber. Some NDIR-based equipment incorporates a pump, which can then be used forcalibration (and
which may be required by some laboratories for compatibility). Other NDIR-based equipment relies on
diffusion in lieu of a pump and must be calibrated without forced air; forexample, in the field (i.e., onsite) via
comparison with collocated reference equipment (Sensirion, 2018).

Table 2 provides excerpts from example scopes of accreditation for U.S. laboratories explicitly suitable for
calibration of CO2-measuring equipment, found via online searches for documents that contain “CO,” and
related terms (i.e., “carbon dioxide,” “dioxide”). Notably, the calibration equipment forthe first example
includes an air-quality monitor, and the fourth example does not explicitly covercalibration of equipment used
to measure COz concentration; none of the CMCsin Table 2 explicitly entailthe use of an environmental
chamber. Also, some of the ranges include zero values (which may not be truly realizable in practice, given
thatnegative values are not possible). Also note that CMCs often do not state balance gases, ortheir relative
proportions, for the calibration gas mixture; this should be clarified (and specified) prior to calibration. The
balance gasis often nitrogen alone; if, instead, it is a standard combination of gases to represent air (e.g.,
ANSI/CGA G-7.1 Grade D), then the CO; content of the balance-gas mixture must also be known.ILAC G138
permits flexibility concerningparameters and/oranalytes in scopes of accreditation that are explicitly flexible,
provided that the same measurement principles are used; an example would be the extension of O; calibration
via GC-MS to calibration of other gases (e.g., CO2) using this same method.

TVOC

VOCs canalso be accurately measured via GS-MS, but othermethods are desirable in field-measurement
applications forreasons similar to those discussed for CO.. Photoionization detection (PID)sensors are
relatively inexpensive and not particularly selective (they ionize anythinghavingan ionization potentialat or
below the lamp-output voltage), so they are commonly used to measure TVOC concentration (Williams etal.,
2015; Spinelle et al., 2017r). However, recent studies have cast doubt on the accuracy (both trueness and
precision) of low-cost TVOC-measuring equipment (Goletto etal., 2020). Meanwhile, NDIR sensors can
sometimes be used to detect infrared-absorbing VOCs such as methane (Szulczynskietal., 2017). Humidity
and temperature can affect the accuracy of some PID sensors (Spinelle et al, 2017r), so calibration should be
conducted across a variety of anticipated DBT and RH values.

ISO 16000-29:2014 specifies test methods and performance requirements for VOC detectors (which
incorporate sensors that in turn incorporate sensing elements) that are designed to monitorindoor
concentrations of one ormore VOCs (ISO, 2014); these detectors can be of aspirated (actively pump-driven) or



diffusion-type (passive) design. However, the methodology hasbeen deemed by some researchersas
inapplicable for formaldehyde detectors and too demanding for connected field devices; the American Society
for Testing and Materials (ASTM) is currently developing a new standard (Goletto etal., 2020).

Laboratory calibration of TVOC-measuring equipment typically uses isobutylene as the reference gas, with
nitrogen or air as the balance in the mixture; anothercompound, such astoluene, benzene, or formaldehyde,
may beused asthe reference gas (i.e., calibration gas) in some cases (Mizukoshiet al.,, 2010; Williams etal.,
2015; Goletto et al., 2020). Response factors (i.e., correction factors)are calculated as the true VOC
concentration divided by the indication (i.e., reading) from the PID, or equivalently asa reading for calibration
gas divided by a reading forthe same concentration of a specific VOC (RAE Systems,2013). These
multipliers are published in tables by PID-based equipment manufacturers. If only one VOC is known to be
present, then the response factorcan be applied to a reading (which, before adjustment, denotes calibration-gas
concentration)to yield the concentration of that VOC. If the response factor fora given compound is> 1.0, the
PID is more sensitive to the reference gas; if it is < 1.0, the PID is less sensitive to the reference gas. For
example,ifa PID is twice assensitive to toluene asit is to isobutylene, its response factor fortolueneis 0.5
(relative to isobutylene).

Table 3 provides excerpts from example scopes of accreditation for U.S. laboratories suitable for calibration of
TVOC-measuring equipment, found via online searches fordocuments that contain “TVOC” and related terms
(ie., “VOCs,” “isobutylene,” “C4Hsg”). No CMCs were identified that explicitly covered “TVOC” in the first
column. Ranges forall three examples are forthe same concentration of 100 ppm (which is a single value
ratherthan a range). However, the first example implies that calibration is for “total organics” relative to
isobutylene (ratherthan forisobutylene concentration alone). In addition, only the third example explicitly
covers calibration of equipment used to measure concentration. Notably, calibration equipment for the first
example includes a PID. None of these CMCs explicitly entail use of an environmental chamber.

PM2s

The EPA hasa program to evaluate instruments suitable foruse in determining compliance with the NAAQS
(EPA, 2011; Williams et al., 2018). Candidate instruments measuring PM; s that satisfy the applicable NAAQS
performance specifications in 40 CFR, parts 50 and 53, are designated as “methods” — eithera Federal
Reference Method (FRM) or a Federal Equivalent Method (FEM). A list of designated air-monitoring FRMs
and FEMs forthe six Criteria Pollutants (EPA, 2017)is published by the EPA on its Ambient Monitoring
Technology Information Center (AMTIC) website.

Low-cost PM2.5s monitors commonly use light scatteringto measure particle concentration (Jovasevic¢-
Stojanovicetal.,2015; Karagulianetal., 2019). For example, optical particle counters (OPCs) are often used
to measure number concentration, which is then converted to mass concentration based on assumptions
regarding particle shape and particle density (Castell etal,, 2017; Wangetal.,2020). Humidity and, to some
extent, temperature can affect OPC sensor accuracy (Maagetal,2018; Karagulianetal, 2019; Forbes, 2020;
Hanetal, 2020).

Online searches (using AB websites and Google) for calibration-laboratory scopes of accreditation that contain
“PM25” and related terms (i.e., “particulate,” “particle,” “aerosol”) only yielded hits where the accreditation
covered calibration of particle counters or calibration fornumber concentration (as opposed to mass
concentration). Many laboratories are accredited to calibrate aerosol-particle counters for particle detection,
countingefficiency, size, size resolution, and/or flow (none of which pertain to concentration). None are
accredited forcalibration of low-cost PM2 s-measuringequipment (Omidvarbomaetal.,2020).
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The first example in Table 4 is an excerpt from the only scope of accreditation identified by the authors that
explicitly coverscalibration by a U.S. laboratory foraerosol-particle concentration. Note that it applies to
number concentration (ratherthan mass concentration). In addition, the word “measure” (unaccompanied by
the word “equipment”)typically meansthatthe CMC pertains to calibration of equipment that produces (i.e.,


http://www.epa.gov/ttn/amtic/criteria.html

sources or generates)a given concentration, so it is unlikely to covercalibration of equipmentused to measure
number concentration. The second example explicitly covers calibration of particle counters; it is not likely
that the quantity covered isnumber concentration ormass concentration. None of these CMCs explicitly entail
use of an environmentalchamber.

Laboratory calibration of low-cost sensors can failto ensure agreement with reference PM3 5 monitors if the
range of localfield conditions (e.g., varyingDBT and RH)is not covered by the set of calibration points
(Castellet al., 2017). Consequently, low-cost sensors are often calibrated in the field via comparison with
reference equipment (where available). However, researchers have introduced increasingly flexible
environmental chambers in recent years (Papapostolouetal.,2017; Sayahietal., 2019; Tryneret al,,

2020; Omidvarbornaetal.,2020).

Whereas PMio.25 is defined as particulate matter with an aerodynamic diameterof <10 pm and > 2.5 uym (and
thus has a realizable nonzero lower bound), PM2 s has a lower bound of zero. Given that detector sensitivity
can vary with particle size, it might be appropriate to specify a lower bound on particle size for calibration. For
comparison, the “typical” particle-size range measured accordingto ISO 21501-4:2018 isbetween 0.1 pm and
10 um (ISO, 2018). Instruments that conform to this standard are used in classifying air cleanliness in
controlled environments (e.g., cleanrooms) per[ISO 146441 and ISO 146442, which do not address
concentrations of smaller “ultrafine” nanoparticles.



Table 1. Excerpts from example scopes of accreditation that cover calibration of equipment used to measure DBT and RH,
illustrating differences in content among laboratories (and their ABs). Notice, for instance, that only examples 3 and 4 here
state limits on temperature for the CMC pertainingto RH. Several other examples identified, but not shown here, use a

chamber-plus-sensor combination with an upper bound of 80% for RH.

Example
(AB) Example column 1 Example column 2 Example column 3 Example column 4
Parameter/Equipment Range CMC (1) Comments
1 Temper"ét”r_e } M‘:as”””g (-10 to 70)°C 0.084°C Environmental chamber
(A2LA) quipmen
Humidity - Measuring .
. (10 to 95)% RH 0.58% RH Environmental chamber
Equipment
Parameter/Equipment Range CMC (1) Comments
Temperature - Measuring Optica dew point monitor
2 . (-70 to 80)°C 0.27°C w/Tenney UTRC-W4F-C
Equipment )
(A2LA) environmental chamber
Relative Humidit (20 to 50)% RH 0.78% RH Optica dew point monitor
" clative Em'_ "y 't 50% RH 0.80% RH w/Tenney UTRC-W4F-C
easuring tquipmen (50 to 90)% RH 0.85% RH environmental chamber
Parameter/Equioment Ran Expanded Uncertainty of | Reference Standard, Method,
LS Pl ange Measurement (+/-) and/or Equipment
.14°C +0. 9 ientifi
3 Temperature - Source (10 to 70)°C 0.14°C 0.0004A> of Thunder Scientific 2500LT
(ANAB) reading Chamber
S 569 +0.279 L
Humidity - Source (5 to 95)% RH 0.56% RH .O 27% of Thunder Scientific 2500LT
(15 to 35)°C reading Chamber
Measured Parameter or .
Device Calibrated Range Expanded Uncertainty Remarks
4 Temperature - Source 0°C to 70°C o.(iog%ie(i/c ¢ Thunder Scientific 2500
(NVLAP) :
H”m(')f'éyt' ggfjgfate 10% RH to 95% RH 0.5% RH hunder Seientific 2500
(0°C t0 35°C) 74% RH to 95% RH 0.6% RH underscientific

(35°C to 50°C)
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Table 2. Excerpts from example scopes of accreditation that cover calibration of equipment used to measure CO2,
illustrating differences in content among laboratories (and their ABs). Notably, the calibration equipment for the first
example includes an air-quality monitor, and the fourth example does not explicitly cover calibration of equipment used to
measure CO2 concentration. None of the CMCs clarify the balance gas(es) used, and some of the ranges include zero
values (which may not be truly realizable in practice, given that negative values are not possible). None of these CMCs

explicitly entail use of an environmental chamber.

Example Example
(AB) Example column 1 column 2 Example column 3 Example column 4
Parameter/Equipment Range CMC (1) Comments
1 Gas Detection L]
(A2LA) Equipment - 1000 parts EW] AQ5000\.LEVM ::Q |?(ioo; air quality
[...] in 106 o monitor with calibration gas
CO2
Parameter/Equipment Range CMC (1) Comments
2 Gas Detection 0.05% 2.6%
(A2LA) Equipment - 0.1% 2.5% [...]
[...] 5% 2.4% Carbon dioxide
CO2 10% 2.2%
Parameter/Equipment Range CMC (1) Comments
3 Gas Detection L]
Equipment -
(A2LA) auip (O to [ Standard gas
[...] 20.00)% 2.1%
CO2 R
P ter/Equi o Ran Expanded Uncertainty of | Reference Standard, Method, and/or
4 QEIEEA 2L ange Measurement (+/-) Equipment
(ANAB) 8 X
CO2 0.5% €02 0.8% Standard gases
5% CO2 0.8%
e e e e Expanded Uncertainty of | Reference Standz.ard, Method, and/or
Measurement (+/-) Equipment
5
(ANAB) 0% CO2
CO2 Sensors 5% CO2 0.2% CO2 Certified Gases
10% CO2
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Table 3. Excerpts from example scopes of accreditation that cover calibration of equipment used to measure TVOC using
isobutylene (C4Hsg) as a proxy, illustrating differences in content among laboratories (and their ABs). No CMCs were
identified that explicitly covered “TVOC” in the first column. Ranges for all three examples are for the same concentration of
100 ppm (which is a single value rather than arange). However, the first example implies that calibration is for “total
organics” relative to isobutylene (rather than for isobutylene concentration alone). In addition, only the third example
explicitly covers calibration of equipment used to measure concentration. Notably, calibration equipment for the first
exampleincludes a PID. None of these CMCs explicitly entail use of an environmental chamber.

SRS e e ) Example Example column 3 Example column 4
(AB) xample column column 2 xample column xample column
Parameter/Equipment Range CMC (1) Comments
1
(A2LA) Total Organics Relative to 100 partsin 3% MiniRAE 2000 PID (photoionization
0
Isobutylene 106 detector) with calibration gas
B Ee T Range Expanded Uncertainty of Reference Standard, Method,
2 quip 8 Measurement (+/-) and/or Equipment
ANAS) Isobutyl 0.01% 1.1% Standard
sobutylene lsobutylene A% andard gases
Calibration Area Range Expanded Uncertainty (+) UEE L) Reference HREEN,
3 Equipment
(IAS) Gas Detection Equipment -
CAH8 100 ppm 3.5% Standard Gas
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Table 4. Excerpts from example scopes of accreditation that might (but probably do not) cover calibration of equipment
used to measure PM number concentration, illustrating differences in content among laboratories (and their ABs). The
authors were unable to find any scopes of accreditation covering calibration of equipment used to measure PM mass

concentration (e.g., for PM2s). Note that the first example CMC is for measurement, which typically pertainsto calibration
of equipment used to produce number concentration, rather than equipment used to measure number concentration.

Meanwhile, the second example likely pertainsto calibration of equipment used to count particles (it is not likely that the
quantity of interest is number concentration). Neither of these CMCs explicitly entail use of an environmental chamber.

Example
(AB) Example column 1 Example column 2 Example column 3 Example column 4
Parameter/Equipment Range CMC (1) Comments
1 .
(A2LA) Aerosol Number (0 to 25 000) Comparison to aerosol
. . 0.80% electrometer and linearity test
Concentration - Measure particles/cm3 .
w/diluter
B Ee T Range Expanded Uncertainty of | Reference Standard, Method,
quip 8 Measurement (+/-) and/or Equipment
2
(ANAB) Particle size: (um)

Optical System - Aerosol
Particle Counter

(0.4, 0.3, 0.5, 1,

2, 5, 10)

6% of reading

Comparison to Standard
Particle Counter
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Developing Calibration Specifications for Environmental
Sensors

When seeking calibration forenvironmentalsensors (i.e., environmental-monitoring equipment), specifications
should be provided to ensure that the calibration will cover the intended use (quantities, ranges, conditions,
required accuracy),and that the laboratory is qualified to perform the calibration with sufficiently low
uncertainty. Uncertainties fora particularcalibration maybe substantially worse (larger) than forthe best-case
scenario reflected in the scope of accreditation, so it is important to request an estimate of the level of
uncertainty you can expect fora particularpiece of equipment. Further, it cannot be assumed that the
laboratory will by default calibrate the measuringequipment across its full range of capability. Similarly,
calibration doesn’t necessarily include adjustment (BIPM,2008),and adjustment may not be possible for some
equipment. Calibration specifications should clarify whetherand how equipment should be adjusted if found to
be out of tolerance, and should provide sufficient information to allow the calibration laboratory to determine
whether the equipment is out of tolerance (according to equipment-manufacturer specifications). If existing
specifications are not sufficient, new specifications should be developed. A complete specification will
incorporate the following guidelines:

1. The calibration laboratory should be accredited by an ILAC MRA signatory to relevant standards (e.g.,
ISO/IEC 17025).

2. The laboratory should be explicitly accredited foreach particular quantity of interest.

A. The laboratory should be accredited forthe calibration type applicable to the equipment being
calibrated. For example, it should be accredited to source (i.e., produce) humidity if calibrating
RH-measuringequipment, orshould be accredited to measure humidity if calibrating RH-sourcing
equipment.

B. The range of calibration for which the laboratory isaccredited should span the range of quantity
values forwhich the calibrated equipment will be used. For example, if DBT measurements are
expected tobein therange of 5°Cto 45°C, a laboratory accredited to calibrate from 10°C to 100°C
may not be suitable.

C. The range of relevant conditions for which the laboratory isaccredited should span the range of
conditions under which the calibrated equipment will be used. For example, if RH measurements
are expected tobemade at DBT valuesranging from 5°Cto 45°C, a laboratory only accredited to
calibrate with DBT ranging from 15°Cto 35°C may not be suitable.

D. The stated uncertainty foreach CMC should satisfy applicable requirements. However, because
CMC uncertainties are the smallest achievable by the laboratory, the laboratory should be asked to
provide an estimate of the expected uncertainty forthe specific equipment to be calibrated.

3. The laboratory should understand the equipment to be calibrated (e.g., should be provided with complete
make/modelinformation, including relevant accessories) and the equipment configuration/settings to be
used in calibration.

A. A given laboratory might only calibrate specific make/modelequipment (e.g., if the laboratory is
run by a manufacturer) orequipment that meets certain compatibility requirements. Unfortunately,
scopes of accreditation typically do not explicitly state such restrictions. However, when specific
make/modelinformation is listed for the specific calibration equipment used, product-usermanuals
may clarify relevant equipment limitations.
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B. The equipment-range settings should be specified to reflect intended usage. Ideally, range settings
should maximize resolution; forexample, if the minimum range setting for DBT is 10°C, then a
5°C calibration point should use this range in lieu ofa 100°C range setting. However, if range
settings are not optimized this way in practice, the device should be calibrated accordingly.

C. The desired calibration intervalshould also be specified so thatit can be stated in the calibration
report and thereby help in scheduling future recalibration. The appropriate (time) value will depend
onseveral factors, such asapplicable requirements foraccuracy as well as on ratings forthe
equipment being calibrated (rated accuracy canbe a function of time since last calibration)and the
conditions in which it will be used. Limiting the intervalbetween calibrationsis one method of
mitigating error due to sensor drift; anotheris applying corrections between calibrations, based on
estimated drift (e.g., accordingto manufacturer-stated drift specifications). Guidance is offered in
ILAC G24:2007/OIMLD 10:2007 (ILAC-OIML,2007), which is jointly published by ILAC and
the International Organization of Legal Metrology (OIML). NCSL Internationalsimilarly provides
guidancein its RP-1 (NCSLI, 2010).

A specification template forthe calibration of DBT- and RH-measuringequipment is presented in Appendix
A, and an example implementation of this specification template is presented in Appendix B. Some aspects
of specifying the calibration of DBT- and RH-measuringequipment merit additional consideration:

e Zero values can present challenges for calibration. Fundamentally, zero values cannot be realized if
negative values are not possible (PJLA, 2017). For example, whereasnegative values can be realized for
temperature units of degrees Celsius, they cannot berealized forunits of kelvin. However, it is common
to indicate “up to” in licu of “0to” on scopesofaccreditation (A2LA, 2019; ANAB, 2019;1AS,2019;
PJLA, 2017). In addition, the authors found multiple scopes of accreditation with ranges that included
zero-percent gas concentration. In any case, if a range includes zero, uncertainty cannot be simply
expressed as a percentage of a reading, because the CMC uncertainty can never be zero (IAS, 2019).

e Insomecases,there may beno laboratory thatisaccredited across the needed range forevery quantity of
interest. In such circumstances, it may be acceptable to include some calibration points outside the scope
of accreditation; however, this limitation should be clearly noted when presenting data from DBT-and
RH-measuringequipment that has been calibrated in this manner.

15



Summary and Recommendations

The emergence of the Internet of Things is resulting in an increased ability of devices and systemsto share
data. Interest in specific types of data,andthe facilitation of the sharingof those data, are typically driven by
use cases, and the performance andvalue of these use cases are dependent to some degree on the accuracy of
those data. Users of such data are encouraged to explore the dependency of the use case on dataaccuracy,and
to ensure thatthe devices and systems leveraged to implement the use case can deliver data of the requisite
accuracy.

The accuracy of data-producingdevices can be a function of design, component selection,and manufacturing
processes —which may include specific stepsaimed at compensating for systematic and/orrandom error.
Manufacturers of data-producingdevices,as well asend users with particularly stringent needs, may need to
validate orcharacterize the reportingaccuracy of manufactured devices. Such validation or characterization is
typically achieved by comparingthe data produced by a specific device or set of devices against measurements
made by a reference instrument with known or reference accuracy. Such equipment typically needs to be
calibrated to establish and maintain this reference accuracy. While many commerciallaboratories are
accredited to perform such calibrations, their scopes of accreditation vary,andasa result,any given laboratory
may ormay not be suitable forcalibrating a particular instrument for specific reference-measurement uses. The
authors offerthe following recommendations accordingly:

e Measuring-equipment owners with calibration needs are encouraged to ensure that the calibration will
coverthe instrument’s intended use (quantities, ranges, conditions, required accuracy),and that the
laboratory is qualified to perform the calibration with sufficiently low uncertainty. In some cases, the
accuracy of measurement forone quantity will depend on the value of another quantity; consequently, it
may be advisable to calibrate across a matrix of points at different combinations of values forthe
quantities. Some service providers (including laboratories) are accredited to calibrate equipment in the
field (i.e., on site); field calibration, though limited in range, can provide betteraccuracy by capturingthe
background effect of localconditions that differ from a controlled laboratory environment. If existing
calibration specifications are not sufficient, new specifications should be developed. Also, measuring
equipment should be chosen with an understandingof available options forcalibration — some devices
are easier to calibrate than others (e.g., due to compliance with compatibility standards), many
manufacturers are not accredited by an ILAC MRA signatory to perform the calibration, some
manufacturers only calibrate devices they produce, and a given calibration laboratory may not be
accredited to calibrate all quantities measured by a particularmulti-sensordevice. If equipment has
already been acquired, it may be best to acquire anotherdevice that is easier to calibrateand use it (as a
reference)to calibrate otherequipment in-house.

e Calibration laboratories are encouraged to clearly state scopes of accreditation, includingany
compatibility requirements. Scopes of accreditation should distinguish between calibration of equipment
used to source quantities, and equipment used to measure quantities. Laboratories are encouraged to
harmonize terminology and the organization of content within scopes of accreditation, to facilitate more-
efficient review by potential customers. Website searches could also be facilitated by addingthe text
“USA” to scopes of accreditation forlaboratories that are located in the United States.

e JLAC MRA signatories are encouraged to improve their website search toolsand make content
accessible via externalsearch engines, to facilitate identification of suitable calibration laboratories.

Many use cases forbuilding systems leverage environmental-sensingdata. A calibration-specification template
for DBT- and RH-measuringequipment was developed asan example of how one might create such
specifications forinstruments, tailored to their range of expected use. Measuring-equipment owners are
encouraged to develop such specifications and share them with potential calibration laboratories to ensure that
requirements are met. Once a calibration laboratory is selected and the instrument is calibrated, the

16



corresponding calibration report should be reviewed to confirm that each calibration point was covered (with
acceptable uncertainty), and to determine whetherthe equipment was out of tolerance. If adjustment was
required, it may be necessary to revisit previously measured values,and it may be appropriate to reduce the
interval between calibrations.

The authorsintend to further develop the provided calibration specification template as needs dictate — perhaps
by addressing calibration of measuringequipment incorporating CO2, TVOC, and/or PM3 s sensors. Feedback
on the existing specification template, and additional suggestions for further development, are encouraged
from industry stakeholders with similar needs and interests (email feedback to
DOE.SSL.Updates@ee.doe.gov).
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Appendices

Appendix A: Specification Template for Calibration of Equipment Used to Measure
Temperature and Humidity

Section 1: Specifications for calibration of multi-sensor node
Requirements for calibration of the multi-sensor node described in Section 2 are as follows:

1.

Calibration shallbe performed by an ILAC MRA signatory-accredited laboratory and within its scope of
accreditation to ISO/IEC 17025.

. Reportshallinclude data foreach calibration point as detailed in sections 7.8.2 (common requirements

for reports) and 7.8.4 (specific requirements for calibration certificates) of ISO/IEC 17025:2017 (e.g.,
including uncertainties), with conditions readily discernible from text.

A. Reportshallindicate calibration interval per manufacturer guidance.
B. Reportshall express calibration in the form of a calibration table.

C. Verification pass/fail (out of tolerance) criteria shall be per the calibrated-equipment
manufacturer’s accuracy specifications, at the manufacturer-recommended calibration interval.

D. Ifadjustment orrepairwas required, report shall state that this was performed and provide
before/aftervalues (i.e., as-found and as-left).

. Configuration

A. Equipment shallbe oriented (provide additional details here to ensure proper orientation during
calibration).

B. Operate (provide details here regarding modes/settings).

C. See Section 3 forinstructions regarding installation and connectivity.

. Measuringequipment shallbe calibrated at the following calibration points:

A. Dry-bulb temperature measurement shallbe calibrated at the (specify number here) points in
Table Al.

B. Relative-humidity measurement shallbe calibrated at the (specify number here) points in Table
Al.

. Calibration specifications for the other sensor types (list here if applicable) are in development; please

exclude them from any price quotes.

. Adjustment

A. The equipment (indicate “can” or “cannot”)be adjusted forboth temperature and relative
humidity; see Section 2 forequipment specifications and Section 3 foradjustment instructions.

B. The equipment shallbe adjusted if found to be out of tolerance relative to manufactureraccuracy
specifications; provide separate quotes for calibration with and without adjustment (delete bullet if
adjustment isn’t possible).
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Section 2: Multissensor node performance specifications (for reference)
The equipment to be calibrated is a multi-sensor device, manufactured by (company name here), incorporating
the sensors described in Table A2.

Access to sensor datasheets and usermanuals can be provided separately. The integrated node measures
approximately (quantity value here)tall, (quantity value here) wide, and (quantity value here)deep (see Figure
Al).

Additionalfeatures:
o (describe connectivity means here; e.g., WiFi)
o (describeindication/reading means here; e.g., LCD)

o (describeinput power means here; e.g., 120V power supply with 4-foot cord)

(insert photo of multi-sensor node here)

Figure Al. Photo of measuring equipment to be calibrated.

Section 3: Multisensor node connectivity, software, and adjustment instructions (for reference)

General notes:

e The information linked from this section pertains to our equipment’s software only; forhardware
information, see Section 2.

Instructions:

1. (E.g., describe how to put equipment on the local WiFinetwork—point to available documentation
ratherthan duplicating it here)

2. (E.g., describe how to configure the equipment over the network, again pointing to documentation where
available)

3. (E.g., describe how to adjust the equipment if it is found to be out of tolerance, again pointing to
documentation where available)
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Table A1l Measurementof dry-bulb temperature and relative humidity at 1.0 atm (revise number of values for each
quantity as needed)

A. (value one)
B. (value two) (value one)
C. (value three)
D. (value one)
(value two) (value two)
F. (value three)
G. (value one)
H. (value two) (value three)
I (value three)

Table A2. Relevantequipmentcharacteristics

Dry-bulb temperature | (list performance specs, range, etc.)

(complete ordering info here)
Relative humidity (list performance specs, range, etc.)
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Appendix B: Example Specifications for Calibration of Equipment Used to Measure
Temperature and Humidity

The following example illustrates the intended use of the specification template provided in Appendix A. A set
of nine test cases shown in Table B1 defines the range of intended use of a particularreference environmental
sensor. Given the stated range of intended use, the following specifications were developed. Fourcommercial
U.S. calibration laboratories with scopes of accreditation that covercalibration of DBT-and RH-measuring
equipment were identified.

Section 1: Specifications for calibration of multi-sensor node
Requirements forcalibration and adjustment of the multi-sensornode described in Section 2 are as follows:

1. Calibration shallbe performed by an ILAC MRA signatory-accredited laboratory and within its scope of
accreditation to ISO/IEC 17025.

2. Reportshallinclude data foreach calibration point as detailed in sections 7.8.2 (common requirements
for reports) and 7.8.4 (specific requirements for calibration certificates) of ISO/IEC 17025:2017 (e.g.,
including uncertainties), with conditions readily discernible from text.

A. Reportshall indicate calibration interval per manufacturer guidance.
B. Reportshall express calibration in the form of a calibration table.

C. Verification pass/fail (out of tolerance) criteria shall be per the calibrated-equipment
manufacturer’saccuracy specifications, at the manufacturer-recommended calibration interval.

D. Ifadjustment orrepairwas required, report shall state that this was performed and provide
before/aftervalues (i.e., as-found and as-left).

8. Configuration
A. Equipment shallbe oriented asused, with externalprobe below unit as shown in Section 2.
B. Operate SCD30 in continuous measurement mode, with measurementrateat?2s.
C. See Section 3 forinstructions regarding installation and connectivity.
9. Measuringequipment shallbe calibrated at the following calibration points:
A. Dry-bulb temperature measurement shallbe calibrated at the nine points in Table B1.
B. Relative humidity measurement shallbe calibrated at the nine pointsin Table B1.

10.Calibration specifications forthe otherthree sensor types (CO2, TVOC, PM25) arein development;
please exclude them from any price quotes.

11.Adjustment

A. The equipment can be adjusted forboth temperature and relative humidity; see Section 2 for
equipment specifications and Section 3 foradjustment instructions.

B. The equipment shallbe adjusted if found to be out of tolerance relative to manufactureraccuracy
specifications; provide separate quotes for calibration with and without adjustment.
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Section 2: Multissensor node performance specifications (for reference)

The equipment to be calibrated is a custom multi-sensornode, manufactured by Temco Controls, incorporating
the sensors described in Table B2. The Temco Controls Air Lab & PM?2.5 Particle Sensor serves as the

hardware platform forthe custom multi-sensornode.

Access to sensor datasheets and usermanuals can be provided separately upon request. Notably, rated
performance pertains to sensors prior to node integration (i.e., design-in). The integrated node measures
approximately 6 inchestall, 3 inches wide, and 1 inch deep (see Figure B1). The externalprobeis for the

SCD30.

Additionalfeatures:

Light sensor, no specs available,notto be calibrated
Externalmicrophone potentially included in some nodes, not to be calibrated
Wi-Fi connectivity

LCD display may remain on atalltimes forcalibration procedures, or may be configured to
automatically turn off aftera certain period of time

Mean Well GSM 12U power supply, 120 VAC input with cord 1.8 meterin length.

Figure B1. Photo of measuring equipment to be calibrated.
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Section 3: Multisensor node connectivity, software, and adjustment instructions (for reference)

Instructions:

To get the nodes onto your WiFi network, use the Android-only app. Instructions forthe Android-based
WiFi set-up can be found on page 5 of this manual.

Use the T3000 Windows software to connect to the nodes from yourcomputerover the network, and
implement adjustment. Instructions forimplementingadjustmentvia the T3000 Windows software can
be found on pages 96-97 of this manual. The System Tree in the T3000 software, in which the sensor
nodes should be listed if set up correctly via the Android app,is shown and detailed on page 19. The
computerrunningthe T3000 software must be on the same WiFi network the Android device was on
when it was used to program the sensor nodes.
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https://temcocontrols.com/wp-content/uploads/sites/4/2019/08/24esptouch.zip
https://temcocontrols.com/wp-content/uploads/sites/4/2020/01/AirLabPM2.5ParticleSensor-1.pdf
https://temcocontrols.com/ftp/software/09T3000Software.zip
https://temcocontrols.com/ftp/file/SoftwareManual.pdf

Table B1. Measurementof dry-bulb temperature and relative humidity at 1.0 atm

A. 5

B. 25 30
C. 45

D. 5

E. 25 60
F. 45

G. 5

H. 25 90
I 45

Table B2. Sensorsincorporated in multi-sensor node

Sensirion SCD30 CO2 and RH/T Sensor
Module

Sensirion SGP30 Multi-Pixel Gas Sensor

lon Science PPB MiniPID 2 #MP3SBLBBU2
photoionization detection (PID) sensor

Sensirion SPS30 Particulate Matter Sensor

Measurement
range
Dry-bulb Accuracy
temperature Repeatability
Response time
Accuracy drift
Measurement
range
Relative Accuracy
humidity Repeatability
Response time
Accuracy drift
CO2 (see datasheet) Diffusion-based (no pump)
Used inall 10 nodes
TVOC (see datasheet) Automatic humidity
compensation
Used in 2 of 10 nodes
TVOC (see datasheet) Apparently doesn’t need/use
humidity compensation
PM2.5 (see datasheet)
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