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ABSTRACT:
As global warming becomes a more important issue on the world stage, analyzing greenhouse gases (GHG) with consistency and accuracy across agencies and entities becomes paramount. This study compares the performance of four commonly used instruments in measuring CO2 and N2O GHGs by using standards of known concentrations in closed chamber systems at each detector’s lower, moderate and higher tolerances. A photoacoustic multi-gas monitor model 1312 (PAM) produced by Innova AirTech Instruments, a Li-6262 infrared gas analyzer (IRGA) from LI-COR Biosciences, an Agilent HP 6890 gas chromatograph with an electron capture detector (GC-ECD) and a Qubit System’s S151 CO2 infrared gas analyzer (Qubit) were analyzed for their precision, accuracy, range, consistency, cost and convenience of use in the field and in the lab. Overall, the instruments used for CO2 analysis performed with relative consistencies in accuracy with slight variances in precision and greater differences in range. The Qubit was found to be the least precise but with the greatest range. The IRGA and the PAM had relatively lower operational ranges, but were sufficient in all regards within their other tolerances. For N2O analysis, both the PAM and the GC-ECD were exemplary in precision; however the PAM is limited in range to a few parts per million where the GC-ECD could be reliable with detection into the percentages. There was a constant 7% discrepancy between these two instruments. It was concluded that all four instruments were reasonably and reliably accurate, but that some are best limited to certain applications.
INTRODUCTION:

This comparison of analytical instruments was inspired by the research in field-scale greenhouse gas emissions by Juhwan Lee et al. (in prep) through the UC Davis Department of Land, Air, and Water Resources. The Lee et al. study was part of a multi-disciplinary study on carbon sequestration potential in California agricultural systems. The primary aim of the study was to quantify CO2 and N2O releases from agricultural sources to investigate emission dynamics in standard and minimum tillage treatments. As in many field-based greenhouse gas studies, a variety of instruments was used to analyze CO2 and N2O in the field and lab (Akimoto et al.). This multi-instrument cross analysis was conducted to establish a verifiable consistency for any data generated within the project.

The primary instruments used for analysis are Qubit System’s S151 CO2 Infrared Gas Analyzer (Qubit), LI-COR Biosciences’ LI-6262 Infrared Gas Analyzer (IRGA), the 1312 Photoacoustic Multi-gas Monitor (PAM) by Innova AirTech Industries, and an Agilent HP 6890 gas chromatograph with an electron capture detector (GC-ECD). These instruments were chosen not only because of their use in the afore mentioned study, but also because of their wide and frequent use in GHG analysis (Lehuger et al., Neftel et al.). 

The basic mechanisms by which each analyzer operates can be considered as either discrete or continuous. The discrete analyzers require volumetric sampling, which is usually done by a direct sample injection of 2ml or so; where as the continuous analyzers draw directly from the testing chamber and re-circulate the material without sacrificing the sample. The Qubit and the GC-ECD are both considered as discrete flow analyzers because they require a sample injection, use a carrier gas to facilitate sample transport and degrade the sample (Qubit Operations Manual, HP6890 Operations Manual Vol. 3). Theoretically, both the IRGA and the PAM use a continuous flow through system as both can re-circulate the sample without degradation; however, the PAM does require time to analyze a sample in the detection chamber, thus each of the PAM samples are about 55 seconds apart (PAM User Manual). But because the PAM draws and circulates without integral loss of sample quality, it is considered to be a continuous sampler for the purposes of this paper. 

The more specific mechanisms by which a certain detector analyzes a sample can be reviewed in each instrument’s respective manual, which are available on-line or through their manufacturers, or researched in a common, modern analytical chemistry text book. 

MATERIALS AND METHODS:
Closed chambers were created in the lab out of 2-qt Mason jars.  The Mason jar lids were fitted with two three-way stopcock valves and epoxied at all junctions. Each lid was then fitted onto a Mason jar of known volume (to milliliters) and then filled with compressed air to contain a slight positive pressure. The jars were then submerged in water and inspected for any leakage. Once the jars passed the leak-test they were then numbered and recorded with their corresponding volume. Each jar was subjected to a process of cleansing prior to being filled to a known concentration of the analyte. The process consisted three cycles of a complete evacuation through one of the stop cocks, followed by a flushing with an inert gas (such as N2) and then finished with a final evacuation. Once the jar was cleansed, a specific amount of the analyte gas was injected into the jar to allow for a specific concentration to exist within the container. This volume was found by the slightly modified mass balance equation shown as Equation 1

(Eq. 1)

Vi = Vd
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where Vi is the volume of the concentrated gas to be injected, Vd is the desired volume (or in this case, the volume of the mason jar), Ci is the concentration of the injected gas in parts per million (ppm), Cd is the desired concentration and Ca is the empirically determined atmospheric concentration at the time the standard is made. Once the desired amount of gas was injected into the Mason jars (which are still under negative pressure), the valves were opened to allow the intake of atmospheric gas to equalize the pressure, and thus the concentration. It should be noted that the injected gas is at a far higher concentration than the standard that is being constructed as this is a dilution; a concentration of gas less than that of atmospheric value would require a different procedure.


The above process was used to create a discrete continuum of concentrations that spanned from atmospheric concentrations to the upper limit of a machine’s tolerance. Each instrument responsible for analyzing the particular gas was then used to determine the concentration of the gas in the Mason jar. The recirculating instruments, IRGA and PAM, were used first in quantifying each sample followed by the degradative analyzers, Qubit and GC-ECD, to ensure sample continuity. The results were cross-compared between each machine to inspect for relative precision, accuracy, and overall consistency. 
The data was graphed and then indexed to facilitate easy comparison. The value of the index is the product of the least squares and the slope of the comparative curves between each instrument and then found for percent deviation from unity, as shown here:
(eq. 2)

I = I1 – (R2 * m)I * 100%
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where I is the index value, R2 is the least-squares value based upon the relationship curve, and m is the slope of the relationship curve. Naturally, the closer the index value is to zero, the more consistent the readings between instruments. 
RESULTS AND DISCUSSION:
Carbon Dioxide:

Several chambers were constructed to create a continuum of standard CO2 concentrations at 378.8, 460, 500, 1000, 2000, 5400, and 10000 ppm by the method described above. Each chamber series was sequentially tested using the PAM, IRGA and Qubit. It was found that the ranges of the IRGA and the PAM that ensured accurate results were limited to 2000 ppm and 5400 ppm respectively, whereas the Qubit was able to provide reasonably accurate results with the 10,000 ppm sample; however, neither the PAM nor the IRGA required standardization. The Qubit required a calibration spanning through the upper level to ensure accuracy (Qubit Operations Manual). The Qubit’s broad range created the complexity of dividing the standard curve into lower concentration (0-1000 ppm) and higher concentration (2000-10000 ppm) segments in order to maintain linearity. This resulted in two separate calibration curves—shown in Figure 1. 

The self-defining approach to the Qubit’s standard curve is problematic in the sense that it confines a span of 10,000 individual units into the Qubit’s limited display range of 2,000 potential data points. This form of data compression increases the instrumentation error by the multiplicative factor of five. Thus, the error of the Qubit which is normally + 1ppm, as given by the digital display, is now multiplied by the compression factor to + 5ppm because of the calibration technique. This method adds an extra 0.5% range of error (found by 2 x [5/2000] x 100%), which seems nominal, but due to the already precarious nature of accuracy inherent in the Qubit unit the variance actually becomes somewhat significant.  
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FIGURE 1: Graph A (on the left) shows the self-defined standard calibration curve for the Qubit at low concentrations and Graph B (on the right) shows the self-defined standard calibration curve for the Qubit at high concentrations. Their respective standard equations are also shown. These equations were used to determine the concentrations of the samples as measured by the Qubit detector. 
Furthermore, it should be noted that attaining consistent results from the Qubit proved trying. Samples had to be analyzed several times as each reading was inconsistent in the displayed values of the Qubit; sometimes ranging by as much as +/- 25ppm (this is equal to + 125ppm in error when the calibration error is also considered!). However, once several values were determined across the broad range of reported values, the arithmetic mean proved to be reasonably accurate with the standard values as the variance in error is normal in distribution. 

The IRGA proved to be less problematic; however due to in-house calibrations, and possibly the age of the unit used, the overall span of the instrument’s reporting values was limited to a maximum of 2000 ppm. This maximum value is less than the manufacturer’s reported range of up to 3000 ppm (LI-COR Operations Manual). Another issue that arose with the IRGA was slight sample degradation due to the continuous pumping function of the unit. Initially, atmospheric gas is being flushed through the tubes and analytical chamber. If the input and the output tubes are connected to the standard concentration chamber simultaneously, their will be a slight, yet noticeable, dilution with each successive trial of the same jar due to contamination from the lower CO2 concentration from the atmosphere dwelling in the volume of the tubing. This effect becomes more prominent as concentration standards and sample number are increased. To minimize this effect, the length of the tubing was divided by the pumping rate to establish a timing of when to attach the output tube to the chamber after attaching the input tube for each sample. This calculation proved to be about 1 second and the technique reduced the dilution, but did not eliminate this source of error. Another solution would be to construct a chamber at the desired concentration at 4 atmospheres of pressure, vent the standard into 3 separate evacuated chambers and test each chamber individually but only once each. However, the timing technique was statistically significant within the 95th percentile by student’s t-test (data not shown). 

At the lower concentration levels, the PAM proved to be as accurate as the IRGA; however at higher concentrations the accuracy of the unit failed. The dilution effect seen in the IRGA test was also present in the PAM analysis except at a much lower level. This is due to the sampling technique of the PAM is periodic and discrete and not a continuous drawing from the sample jar; that is it only requires a single attachment of the lines for all measurements instead of re-attachments with each measurement. Thus the dilution occurs only once per sample instead of once per measurement as with the IRGA. At once per sample, the effect is not statistically significant. 
Figure 2, below, shows the overall respective performances of the three detectors at low and high concentration ranges. An important feature of the bar graph on the right is the distinct performance variance between the PAM and the Qubit at the 10,000ppm concentration. This discrepancy is believed to be attributed to the PAM and not the Qubit as the calibration process for the Qubit at the higher concentrations is not only proportionally true to the concentrations measured, but also the R2 value being absolute unity indicates the process is reasonable (refer to Figure 1, Graph B). Thus, it is reasonable to assume that the extremely high concentration of CO2 in this final sample is probably due to a saturation of the detection capabilities of the unit despite its predictive performance of 30,000 ppm CO2 maximum (Innova User Manual).  
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FIGURE 2: Graph A (on the left) shows the relative performances of the IRGA, PAM and Qubit in the lower concentration range. Graph B (on the right) shows the relative performances of the PAM and the Qubit in the higher concentration range. Notice at 10,000 ppm the PAM margin of error is incompatible with the more accurate reading of the Qubit. The decline in PAM’s performance at the high concentration is most probably due to an overloading of the detector by saturation. 
Figure 3 shows the relative linearities between each device. Together, both Figures 2 and 3 give the overall relationship between the three instruments in all levels and ranges of applicable operations in CO2 detection. A point of importance is the relative slopes and R2 values of each comparison—they are very close to unity. The higher concentration relationship between PAM and Qubit has been discarded because of the limitations on the detection range of the PAM unit previously mentioned.  
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FIGURE 3: Graph A (on the left) gives the relative performances of the PAM and the Qubit against the IRGA at the lower concentrations. The respective linearities are highly compatible as shown by the R2 best fit values and near-unity slopes. Graph A (on the right) shows the relative performance of the Qubit against the PAM at the lower concentrations (up to 1000ppm). The data points above 1000ppm were omitted in Graph B because of the linear relationship established in the Qubit from Figure 1, Graph B.
Nitrous Oxide:

Similar to the methodology of the CO2 analysis, several chambers were constructed at various concentrations of N2O to create a continuum of standards. The chamber concentrations were set at ambient, 1ppm, 2ppm, 3.5ppm and 5ppm. Measurements of N2O were performed on two machines only, the GC-ECD and the PAM. The GC-ECD is known for detection accuracy into the percentages, and the PAM accuracy is assured up to 5ppm (HP6890 Operations Manual Vol 3, Innova User Manual). Both machines were found to operate sufficiently within the tested range in regards to precision, but it was noticed that the PAM performance in accuracy declined as concentrations increased. Why this observed decrease occurred is unknown, but for the purposes of this paper it is considered likely to be due to the inherent functionality and range of the instrument or factory calibration error and is not believed to be due to the degradation of sample effect noticed in the CO2 measurements. This supposition may be further supported by the fact that there is a relatively constant discrepancy between the instruments’ reports of about 7% for each measurement instead of a randomized fluctuation in deviation. However, it should be noted that the slight decline in performance is relative to the standardization curve based upon the measurements taken by the GC-ECD. The graph below, Figure 4, shows the standardization of the GC by measurements of the chambers. From the values given by the GC, the equation of the standard curve was generated.
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FIGURE 4: The standard curve equation is derived from the GC-ECD measurements of the chambers.

Next, in a typical manner, the standard curve equation was applied to the measured values from the GC-ECD to determine the actual concentrations in each chamber. These found values were then compared to the values generated from the PAM. In Figure 5, below, the increasing declination in the PAM’s relative measurements to the GC’s can be seen as the increasing discrepancy between each instrument in the left bar graph; which, as noted before, is approximately 7% less than the values reported by the GC-ECD. This consistent variance becomes of greater importance when indexing (discussed in the next section) is used to compare relative functioning between devices. 
[image: image10.emf]N

2

O Bar Graph of PAM and GC-

ECD

0

1

2

3

4

5

6

1 2 3 4 5

Trial Concentrations (ppm) = Amb, 

1ppm, 2ppm, 3.5ppm, 5ppm

Measured [N

2

O] 

(ppm)

PAM

GC

 [image: image11.emf]Relative N

2

O Concentrations: 

PAM vs. GC-ECD

y = 1.0684x + 0.007

R2 = 0.9996

0

1

2

3

4

5

6

0 1 2 3 4 5 6

PAM Measured [N

2

O] (ppm)

GC Measured [N

2

O] 

(ppm)

PAM v. GC-ECD

Linear (PAM v. GC-

ECD)


FIGURE 5: Graph A (on the left) shows a comparison of the independent performances between the GC (purple) and the PAM (blue). Notice the distance between each machine increases with each trial. This increase is consistently about 7% and is believed to be a source of instrument error. On the right, Graph B shows the relative linearity between each instrument in the range of ambient N2O concentrations up to 5ppm. The resulting equation is also shown. 
Indexing:

Creating a relative index between instruments is useful when establishing an experimental design. There may be instances when general field measurements are not as heavily emphasized as laboratory components, or perhaps field measurements are essential and a variance is needed to compare to laboratory values. Cost is also another consideration that may affect instrumental choice in experimental design. Thus it may be useful to have a general idea of relative performances between analyzers relative to cost. 
Figure 6, below, gives a quick-view summary of the relative slopes (in dark grey) and R2 values (in light grey) for the 4 detectors and the 2 gases. Figure 7 then draws on the values in Figure 6 to determine the numerical indexes relative to unity as an assessment of accuracy between the tested instruments. Although it is a product of the least squares and the slope, the emphasis of the indexing values, I, relies more on the slope as it provides a more proportional agreement between the instruments. Since a k = 1 represents an identical relationship in slope and least squares between instruments, as seen in Figure 6 as the main diagonal, the interest of the index in Figure 7 is focused on how far from this unity the machines correspond, where the absolute value of k – 1 = 0 is optimal. This variance is shown in the Percent from Unity column, which also represents the actual index value, I, as determined by Equation 2.
	
	QUBIT
	IRGA
	PAM
	GC-ECD

	QUBIT
	1
	1.049
	0.9813*
	N/A

	IRGA
	0.9996
	1
	0.979
	N/A

	PAM
	0.9872
	0.9999
	1
	1.068

	GC-ECD
	N/A
	N/A
	0.9996
	1


FIGURE 6: A quick-view summary of relative slopes, represented in the darker grey cells, and least squares values, represented in the lighter grey cells. The asterisk indicates the relationship was only considered up to the 1000ppm concentration due to drastic incompatibility at higher concentrations, as presented in Figures 2 and 3. 
	 
	k = R2 x Slope
	I=Absval(k-1)
	Percent from Unity: I

	Qubit v. IRGA
	1.0485804
	0.0485804
	4.85804

	Qubit v. PAM
	0.9687394
	0.0312606
	3.12606

	IRGA v. PAM
	0.9789021
	0.0210979
	2.10979

	GC-ECD v. PAM
	1.0675728
	0.0675728
	6.75728


FIGURE 7: The relative index of analyzers. The index is found by the slope times the least squares value. The Percent from Unity column gives a relative percent accuracy between instruments, as determined by the results generated in this experiment. The slightly shaded region is for the relationship of N2O detectors.

An interesting aspect of the indexed relationship is its ability to summarize the measured discrepancy between analytical units. Notice the percent from unity between the GC-ECD and the PAM is very near the consistent percent deviation observed between each instruments’ reported measurements. Naturally the closer the I value is to zero, the more consistent the detectors are in yielding identical findings. 
CONCLUSION:
Some sources of error not yet mentioned include variation in the ambient concentrations of the analyte gas and possibly concentration degradation due to sampling. The error of ambient concentrations would occur during chamber standardization and would be due to a compounding relationship – the ambient values were determined by the most sensitive of the available analytical instruments which were then used in the measuring of chamber concentrations. The concentration degradation would occur during sampling of both the recycling samplers and the direct injection sampling. Recycling sampler mechanisms are used by PAM and IRGA and are a closed loop sampling system. The experimental technique used in this experiment does not account for the values due to ambient gas in the cycling lines and detection chambers of these instruments and can therefore cause a dilution effect, as discussed earlier. The direct injection samplers include the Qubit and the GC-ECD. By removing a quantity of analyte gas for sampling, negative pressure occurs in the chamber which may result in dilution by atmospheric contamination if any undetected leaks are present. If no leaks are present, dilution still occurs because the actual volume of gas is diminished while the chamber volume remains the same; however this latter effect is assumed to be minimal due to the small sample size (about 2 ml) relative to the chamber size (about 2 liters). 

A final summary of relative performances yields an approximate 5% error margin between the Qubit and IRGA, 3% error margin between the Qubit and PAM, and a 2% error margin between the IRGA and PAM for CO2 measurements. These values can be considered when examining the cost of an instrument and the desired functionality as dictated by experimental design. Furthermore, these error margins could be factored into the measurement error when reporting data from these instruments as a deviation from the standards. However, further empirical results by other independent studies should be obtained before the above values should be employed into error analyses.  

The final summary of relative N2O measurements between the GC-ECD and PAM yield a near 7% error margin, however this is believed to be due to instrumental configuration and is not considered as an indicator of functionality at this time. 

The lower cost of the Qubit accompanied with its smaller size makes it an attractive device for low-maintenance operations and non-priority measurements. Its accuracy is within + 5%, given enough samples, but its error in precision for any one sample can be much higher, depending upon calibration, and should be regarded with skepticism. It should be recommended for use in finding approximate values and general monitoring, but significant findings would be best suited to more accurate and precise equipment. 


The IRGA is about ten times the cost of the Qubit, but the precision is far superior. Once calibrated, the accuracy holds up very well and its extreme portability makes the IRGA an excellent field unit. Significant findings from this unit can be viewed as relevant. The limitation of the IRGA is its ability to measure CO2 and H2O vapor only. If broader gas measurements are required then the PAM may be more suited. 


The PAM measures methane, ammonia, and water vapor as well as CO2 and N2O. The broader range of detectable gases makes this unit extremely useful despite its higher cost of about four times that of the IRGA. All other functioning and uses are similar to the IRGA in that it is highly portable and can continuously monitor the environment without manual attention and with significant results. Both the IRGA and the PAM can be interfaced with computer networks either directly through a network or downloaded through a data logger. 


The GC-ECD is the most expensive unit, but just about 20% more than the PAM. This device is non-mobile and is the preferred device for laboratory measurements and significant inquiries. Its accuracy and precision is considered an industry standard, but the limitation is to electronically excitable species, such as nitrogen based compounds. Other detectors can be interchanged with the GC unit, such as flame ionization detectors (GC-FID), for detection of carbon based gases, but these can be costly and usually require professional installation. However, the reliability of the results is considered unquestionable.   
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