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To Whom It May Concern:

The Virginia Department of Health (VDH) collected data from three proprietary systems (Puraflo, AdvanTex, and
Ecoflo) in order to establish an inferim “end-of-pipe” standard of effluent {(BOD, TSS, Fecal Coliform) leaving a

treatment unit. The attached document provides a statistical assessment of their methods and findings.

Canclusions from the assessment can be summarized as follows:

a) The raw VDH data obtained is right (or positively skewed) and thus a log-transformation of the data is utilized in
order to stabili'z.e its vériaﬁce and correct for non-normality. The assumption of normality for the log-transformed
data is.indesd reasonable-for the. upper tails. - This. is verified through the use of riofrrial probability plots. The
information provided in the uﬁper tail of the distribution of data is most relevant for establishing upper limits on

effluent.

b) The use of the standard error of the mean and confidence intervals for the mean are not appropriate when initerest
lies in where individual treatment units will fall. Instead, tolerance intervais should be used for conformance

monitoring,

¢) Tolerance intervals computed for the VDH data set indicate that the pass/fail criterion for ¢ffluent is too low as a
larger than likely acceptable percentage (from.a manufacturmg standpoint) of treatment units will fail the pass/fail

criterion. Further investigation and refinement is recommended:

Please do not hesitate to contact me at dedwards7(@veu.edu or (804) 828-2936 with comments/questions.

Sincerely,

dwaids, Ph.D.

Assistant Professor of Statistics




Assessment of Vlrgmla Department of Health’s Analys1s of Alternatwe
Wastewater Systems Data

The Vlrgmla Department of Health (VDH) eoHected data from three proprxetary systems
(Puraﬂo AdvanTex and Ecoﬂo) in order to estabhsh an mterlm “end-of-pipe” standard of
effluent (BOD, TSS, Fecal Coliform) leaving a treatment unit. This assessment is based on the

“cleaned-up” version of the VDH data set.

L. Use of Log T ransformatlon
Given the large degree of skewness in the data set, an initial step in the VDH analysis after data
“clean-up” was to transform each variable using a natural logarithm transformation in order to
help correct for non-normality. While the log-transformed data is not perfectly normal, some
departure from normality is expected. Furthermore, as interest lies in establishing an upper
bound on effluent (rather than a lower bound), one may direct their focus to the normality of the
upper tail of the leg-tfénsfonhe'd data. That is, statistical techniques that assume normality may
be valid even if the entire data se—t.is non-normal so as long as the subset of data of interest is

approximately normal. -

A normal probability plot is-a useful graphical tool for assessing the normality of any given data
set. In particular; data is plotted against the theoretical quantiles of a normal distribution in such
a way that the points should form an approximate straight line if the data Ais from a normal
distribution. D‘epar-tures.. from this line provide an indicatien of non-normality. Figures 1-9

prov'ide" normal p.robability plots, histograms, and boxplots for each log-transformed variable.
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Figure 2. Log Puraflo TSS :
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: :Figure 3. Log Puraflo Fecal Coliform -
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Figure 4. Log AdvanTex BOD
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F igure 6. Log AdvanTex Fé‘qal_ Coliform
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Figure 7. Log Ecoﬂo BOD -
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Figure 8. Log Ecoflo TSS
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., Figure 9. Log Ecoflo Fecal Coliform

With the exception of log-transformed Puraflo Fecal Coiifdfm and log-transformed Advarﬂ:ex
- Fecal Coliform, the upper: Jtai.l.s of 'each-dis‘tfibution apﬁear tor reasonably follow a normal
distribution. More severe departure fro_m hbrmality is evident in the lower tails. Although some
departure from normality is i)resent in the upper tails of Pﬁraﬂo and Advantex Fecal Coliform
variables, the deviation from normality is not severe. - Therefore, it is reasonable to utilize

nérmality—based inference teéhniques as done in the VDH analysis.

Note that with the log—tranéformation, ba(:jk#ti‘ansfonning Ethe mean (by exponentiation) of the
transformed data will never be the sarr_;e‘-ét_é: the in(;an of the untransformed data. In particular,
- back-transforming Iog-trans[fbr'me'd: data ryi'elds. the geoihetric mean of the original data rather
than the usual arithmetic mean. “With right skewed data (as is the case with the VDH data), the
geometric mean is always less than the arithmetic: mean. - Singe the arithmetic mean is highly

influenced by extreme values, the log-transformation provides a way of lessening such influence.




2. Use of Standard Error of the Mean. _

In order to establish an upper bound for""en.d4of-pipe” standard of effluent leaving a treatment
unit, VDH utitized the log transfonned upper limit of a 99% confidence interval for the mean
effluent transformed back to native units; ‘This has led to the following pass/fail criteria for
effluent: <10 mg/l of BODs, _S’I 0'mg/l of TSS; and <2000 ¢fu/100ml of Fecal coiiforrn.

Lettmg X represent the méan of a 10g~transformed varrable VDH computed a 99% conﬁdence

interval for each vanable as follows

X £2.576

(UZ]
where s is the standard deviation of the log-transformed variable and n is the number of
observations. To compute the converted upper confidence limit, one needs only to exponentiate

the log-transformed upper confidence limit. The quantity, s/ Jn , is known as the standard error

of the mean and provides a rnetric for variability of the sample mean.

One mrsconceptlon regardmg the use of confidence intervals is that a confidence interval covers a

particular proportron of the populatton Sald another way, a common misuse of conﬁdence intervals

is to address the spread of 1nd1vxdual data values! Rather, conﬁdence intervals provide an interval -

estimate of a parameter (some unknown characteristic) of a population (such as the mean). However,
if intarest lies in-wheré individual values should be, as it appears to be in.the VDH study, the use of

- the standard error of the mean is inappropriate.

Instead, a statistical tolerance interval is more 'appltcable for compliance monitoring studies.
From Hahn and Meeker (1991) a tolerance 1nterval 18 deﬁned to be an mtcrval that one can
claim to contaan at least a spemﬁed proportion D, _of the populatlon Wlth a spe01ﬁed degree of
confidence. Such an mterval would be of interest in setting limits on the process capability for a
product manufactured m large quantrtres ‘An upper tolerance hmrt is one that guarantees that at

least p percent of populatlon measurements will not exceed this’ upper limit and has the form




where K is a constant that depends on p and the level of confidence desired. Tables of values of
'K can be found Hahn and Meeker (1991). “The above formula for an upper tolerance limit is
valid when the normality éSSUIhptioﬁ is reasonable (as it is for our purposes). It is worth noting
that nonparametric (or distribution if'r'e‘é)"t('):le'réncé limits exist for any ﬁrobébilify distributioh
However, they have limited practlcal Value as they require substantlaily larger sample sizes then

are available in this study (Montgomery (2009)

The followmg results detail log-transformed upper 99% tolerance limits converted back to

natural units based on Hahn and Meeker (1 991)

Log Transformed ' Log 99% Uppér Tolerance Limit

n Mean | Std. Dev. | p=0.5 | p=0.6 | p=0.7 p=0.8 | p=0.9 | p=0.85 | p=0.99
Puraflo BOD 184.| 146 | 0.97 163 [1.88 |2.16 |2.48 |2.95 |333 |4.07
Puraflo TSS 184 | 1.71 | 1.85 203 | 251 304 | 366 |455 |520 |6.70
Purafio Fecal Coliform | 234 | 6.31 | 3.7 | 692 | 7.95 |8.07 | 10.41 12297 13.86 | 16.84
AdvanTexBOD - - . | 114 | 146 | 102 ~ | 169 |1.95 |225 | 260 |310 |352 |432
AdvanTex TSS ... | 115 |4.71.|098- | 1.93 |219 |247 |281 |329 |3.70 | 447
AdvanTex Fecal Coliform | 280 667 251 - | 702 |767 (838 | 921 |.10.39 1137 |13.24
Ecofio BOD _ 133318 (079 190 |21 [2.33 [259 |296 |327 |386
EcofloTSS | 337|134 |068  |147 |172 |200 |232 |278 |3.16 | 389
Ecofio Fecal Colfform | 337 | 705 | 2.71 | 740 |8.10 |885 |9.76 |11.02 | 1208 | 14.08

Converted 99% Upper Tolerance Limit

. .. |p=05 p=0.6 p=0.7 | p=0.8 p=0.9 | p=095 p=0.99
Purafio BOD 510 | 656|863 | 1199 | 1905 | 28.07 58.54
Purafio TSS T (761 |1232 |2084 [39.04 |9474 - | 19890 81113
Purafio Fecal Coliform | 1012,66 | 2834.46 | 8700.27 | 33067.35 | 217164.40 | 1046680.00 | 20554580.00
AdvanTexBOD | 540 |706 ~ |947 | 1347  [2220 - |33.76 74.89
AdvanTexT88 - | 688|891 ' |11.83 | 1663 | 2694 | 4040 87.23
AdvanTex Fecal Colfform | 112321 2.145“62' 433878 | 10021:80 | 3256767 | 8711453 | 56472984
Ecoflo BOD - 669 822 1026 [ 13.37 | 19.38 26.43 47.57
Ecofo 1SS+ 434 ' |6569 |7.36 | 1020 | 16.13 -2_3‘,66« 48.90
Ecoflo Fecal Colform | 1631.93 | 3281.17 | 7007.40 | 1725074 | 6122411 | 17610658 | 1306686.03




As an example for interptetation ' concidei Puraﬂo BOD. Then, we are 99% confident that at .
least 50% of manufactured treatment units have BOD levels: less than S.1mg/L. Likewise, we
are 99% confident that at least 80% of treatment units have BOD levels less than 11.99 mg/L and
ﬁnally, -we are 99% conﬁdent that at least 95% of treatmént units have BOD levels less than
28.07 mg/L Therefore, a pass/faﬂ cntenon of 10 mgfL of BOD likely underestlmates the
hkehhood of fallure smce 20 30% of treatment unlts W1II 1nd1cate 4 BOD level greater than
10mg/L. F urther reﬁnement is recommended based on these tolerance limits. Slmllar
conclusions can be made for AdvanTex and Ecoflo. regardmg BOD. (Interpreta’uons for TSS and

Fecal Cohform also follow ina s1rn11ar manner.)

3. Summary
a) The assumption of normality is reasonable for the upper tails of the log-transformed data.

This can be verified through the use of normal probability plots as shown.

b) The use of the S_ta_ndard etror of the mean and thus confidence nlfervals: for the mean are not
appropriate. when -,ijnterest_.lies-' in.where individual tr_eatment.units will fall. An upper 99%
confidence limit:of say: 5.19 for effluent only states that we are 99% confident that the mean
effluent level for all treatment units of a certain'brand is less than 5. 19 mg/L. Rather, tolerance

intervals should be used for conformance monitoring.

) Tolerance intervals computed for. the VDI—I data set indicate that the pass/fail criterion for
effluent is too low--as -a larger than likely acceptable percentage (from a manufacturing
standpoint) of treatment units will fail the pass/fail criteria. Further investigation and refinement

is recommended.
4. References
Hahn, G. and Meeker, W Q (1991) Statzsncal Intervals: A Guide for Practltzoners Wﬂey, New

York, NY..

Montgomery, D.C. (2009). Introduction to Statistical Quality -Ccntro_l,- Wiley, New York, NY.




