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ABSTRACT

Balancing affordability with consistent performance is key for wastewater treatment, especially with stricter
regulations or intended water reuse. We tested simple statistical methods for assessing reliability at a large
wastewater plant. While Markov and Chebyshev's methods offer conservative estimates using minimal data
(Ross, 2019), Niku's Coefficient of Reliability (CoR) emerged as the best option (Niku et al., 1979). The CoR
which uses the observed variations in wastewater data, predict the risk of failing standards accurately (based
on our five-year study), and remain practical. Niku's CoR allows wastewater plant operators to achieve
reliable treatment cost effectively. Based upon the analysis of five years of daily quality and operational data,
we report on the close alignment between the actual performance of a large wastewater treatment plant in
Bahrain treating domestic wastewater for reuse, and the risk of failure of 9 quality parameters as determined
with Niku’s CoR. The probability of failure determined with Markov and Chebyshev’s Inequalities were SO
conservative as to be impractical. However, for Niku’s CoR, the difference between the measured and forecast
reliability was minimal, less than 0.5% for seven of the nine parameters. We conclude by recommending this
simple and accurate performance reliability tool.

INTRODUCTION
The water industry worldwide faces a range of challenges from environmental concerns to meeting growing
demands for water reuse. In the UK, criticism of frequent discharges of untreated sewage into the environment
(Williams, 2022) contrasts with countries such as Spain, with a rising demand for treated sewage reuse in
agriculture (Truchado et al., 2021). The implementation of directives such as the Urban Wastewater Treatment
Directive (91/271/EEC) in the EU has been both praised and questioned (Kemp, 2001; EU, 2019), with
ongoing challenges highlighted, as seen in Greece's struggles with compliance (Papadopoulou, 2022).
Addressing water scarcity in Europe has become very important: the European Union Directive 2020/741
emphasises the importance of wider water reuse to mitigate pressures on freshwater resources, including the
northern states (EU, 2020). A shift in wastewater treatment policy and assets will be required to secure both
environmental protection and to meet water demand.

(1) The water resources of the Union are increasingly coming under pressure, leading to water scarcity
and a deterioration in water quality. In particular, climate change, unpredictable weather patterns
and drought are contributing significantly to the strain on the availability of freshwater, arising from
urban development and agriculture.
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(2) The Union’s ability to respond to the increasing pressures on water resources could be improved
by wider reuse of treated waste water, limiting extraction from surface water bodies and groundwater
bodies, reducing the impact of discharge of treated wastewater into water bodies, and promoting water
savings through multiple uses for urban waste water, while ensuring a high level of environmental
protection.’

Several directives govern the management of wastewater in Europe, most recently the Environmental
Quality Standards directive (2008/105/EC). Water utilities need to adapt to the evolving standards (Angelakis
& Gikas, 2014) while addressing the challenge of convincing stakeholders of the benefits and safety of treated
wastewater reuse (Hristov, 2021). Water scarcity is the most serious in the Middle East, where it is exacerbated
by population growth, urbanisation and industrialisation, and felt most acutely in the Gulf Cooperation
Countries, where groundwater abstraction outstrips its recharge (Qureshi, 2020).

Water reuse, long practised in regions such as the southern USA, is gaining traction globally, especially in
agriculture (Truchado et al., 2021). In the Middle East, treated wastewater reuse has been crucial in
beautification and in addressing water scarcity (Paul and Smith, 1984; WHO, 2005), with notable
achievements such as Abu Dhabi's recently recorded 80% reuse rate and its targeting of 100% reuse within
the near future (GWI, 2024). This practice will expand further as climate change impacts on water resources
and the demand from agriculture increases (Qureshi, 2020).

Compliance and Risk Management

The consequences of non-compliance with wastewater treatment standards can vary by jurisdiction and are
especially concerning where reuse is practised and public health is concerned (Pidgen, 2018). Where Public-
private partnerships are in operation, operators face additional scrutiny, with severe penalties for performance
failures possible (Tang, 2021). Challenges in financing and ensuring affordability persist, as seen in projects
for instance, Egypt's wastewater initiative stalled due to the need to revise the customer pricing model (Maree,
2008). Those designing and operating wastewater treatment plants must pay meticulous attention to
performance standards in the face of financial pressures (Hristov, 2021).

Asset Performance Data and Statistics
Analysing compliance data and understanding statistical distributions is, or should be, an important part of the
work of wastewater practitioners (Metcalf & Eddy, 2013). However, if the statistical distribution of the
performance data is not known, determining probability of failure, and thus non-compliance, is challenging.

Asset performance methodologies involving highly complex mathematical models offer insights but may
not be feasible for widespread use (Ebrahimi et al. 2017), particularly if extensive on-line monitoring is
required. It is unlikely that such methods would be employed by wastewater utility companies in the UK for
example, some having over 1,000 wastewater treatment works under their ownership; all subject to discharge
consents, enforced by the statutory environmental regulator. Simplified approaches to assess reliability and
risk of failure are better suited for informed decision-making. It is vital that designers and operators of
wastewater assets are confident that a scheme will consistently deliver the required level of performance,
enabling interrogation of performance and reducing the risk of non-compliance (Silva, 2022) and investment
planning.

The determination of compliance risk is particularly relevant to the Middle East, where high wastewater
temperatures can have a significant effect on the kinetics of treatment, and the impact of these effects are
absent from most, if not all internationally recognised engineering design manuals.

METHODS

The Muharraq wastewater scheme, serving approximately 250,000 p.e., includes a treatment works of 100,000
mé/day, deep gravity sewerage and sludge incineration. Treated wastewater is exported by pipeline and tanker
for beneficial reuse, compliant with contractual and WHO unrestricted irrigation standards. The works and
catchment have been described in research into SARS-CoV-2 in wastewater and the correlation with reported
COVID-19 cases in Bahrain (Herrera Uribe, Naylor et al., 2022).
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Muharraq STP — Process Assets
The treatment process is a standard design with tertiary treatment to produce treated wastewater for export and
reuse. There is supervisory control and data acquisition (SCADA).

Primary treatment works with coarse and fine screenings, and grit removal
Secondary treatment by biological nutrient removal sequential batch reactors (SBR)
o 6-hour hydraulic retention time, with anaerobic/anoxic/aerobic phases
e Tertiary treatment
o 1 mm fine screen, 20um disk filter screens, Ultra-Violet (UV) disinfection, chlorination
o Storage in treated sewage lagoons (2 x 25,000 m3 ea.)
e Treated Secondary Effluent (TSE) export
o Export via 1m dia. 14 km pumping main and tanker (up to 150 per day)
o Unused TSE is discharged to sea via 1.5km outfall (with reduced chlorination)

Process control

The plant operates within accepted ranges. The F:M ratio is maintained between the range of 0.05 and 0.15
kgBOD/kgMLSS for a nitrifying plant. Sludge age (SRT) is between 8 and 25 days with an SRT of 8-12 days
in cooler months, and an SRT of up to 25 days in summer when wastewater temperatures increase to 37°C.
Aeration is controlled automatically to an average dissolved oxygen (DO) of approximately 1.0 mg/l. Aeration
is adjusted seasonally to compensate for reduced oxygen solubility at high wastewater temperatures.

Auto-sampling — Influent, effluent and process streams

Wastewater is fed on a continuous basis to influent and effluent Endress & Hauser, Liquistation CSF48
autosamplers, automatically flow paced and refrigerated at 4°C. 24-hour Composite samples are transported
to the on-site ISO 17025 accredited laboratory using standard methods and analysed for over 20 parameters.

Compliance determination

A contractual penalty mechanism will apply where the influent is within the contractual range (including
wastewater temperature), but the effluent does not comply with the required standard. A Trivial Breach event
is a daily sample off-specification for one or more parameters in a single day. Up to and including 5 Trivial
Breach events are allowed each calendar month without penalty. Every Trivial Breach Day above 5 (or upper
tier) is a Non-Trivial Breach Day and attracts a financial penalty. An upper tier failure will apply from day 1
and be classed as a Non-Trivial Breach Day for each day it occurs.

Risk of Failure and Coefficient of Reliability

If the statistical distribution of a data set is unknown, the probability of failure can be difficult to determine,
particularly if assessing the risk of compliance with a contractual standard, a legal consent, or the overall
compliance of a wastewater utility company. Relatively simple statistical methods for predicting the
probability of failure are available from which expected reliability can be determined. They do not require the
distribution of the data set to be known or they assume a log-normal distribution.

Markov’s Inequality

Markov’s inequality returns the probability (P) that a non-negative random variable(X) will be above a positive
threshold (a) (the standard), where E(X) is the mean of the data. (Ross, 2019). Markov‘s method is the inverse
of a commonly used rule of thumb for reliability in water industry of the permit/the mean of 8 last samples.

P(X >a) < E(X)/a.

Chebyshev’s Inequality

Chebyshev’s Inequality uses the variance (Var) of the data to determine the probability random variable (X),
which may be negative, will deviate from mean of the data set (i), where parameter ‘a’ is the difference

between the mean and the standard to be met (Ross, 2019).

P(IX -E(X)I > a) < Var(X)/a"2
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Coefficient of Reliability

Niku et al. (1979) emphasised the importance of understanding data distribution, stating “7he probability of
failure is extremely sensitive to the distribution function of effluent concentration.”. With log-normal
distributions skewed to the right, common with wastewater parameters (Berthouex & Brown, 2003), the mean
will be greater than the median. The number and quantum of extreme values may risk compliance with a
95%ile or maximum standard; both employed in regulatory consents. (EU, 1991). Niku et al. (1979) developed
a coefficient of reliability (CoR) using the mean, coefficient of variation and the standard to be met. The CoR
assumes that data are log-normally distributed and calculates the parameter mean value necessary to meet a
standard.

Mmy = CoR Xs

Where my is the required mean value of a parameter X, CoR is determined from the natural log function of
the coefficient of variation of the data; and Xs is the standard to be met at 95% probability. This coefficient
determines the probability of failing to meet a standard at 95% probability.

COR =+CVZ + 1.exp[—Z;_o VInCVZ + 1]

Where CV is the coefficient of variation of parameter X and Z,_, is the number of standard deviations
away from the mean of the normal distribution with 1-a taken as 95% (which can be taken from statistical
tables). If the actual level of reliability is to be calculated from a known data set, then.

_InX,—[lnlnm, —%(CV? +1)]

7.
e JICVZE + 1)

The successful determination of reliability by this method has been reported by several workers for a
number of wastewater treatment plants, Oliveira (2008), Ishak (2022) and Silva & Rosa (2022). They
emphasised the importance of understanding the statistical distribution of the data, in primarily being log-
normal, and its impact on reliability and compliance with performance standards.

RESULTS

Data distribution and statistical analysis

Data for the five-year period 2019-2023 were chosen (1,826 samples). They were supplied by the operating
company via audited Microsoft Excel spreadsheets and transferred to Minitab 21.4.2 for statistical analysis.

Table 1 — Influent Wastewater Statistics

Variable Units Mean St. Dev Coef. Var Median Minimum Maximum
Influent Flow m3/day 86,291 8,102 9.4 88,149 58,495 170,021
Total Suspended Solids mg/l 191.5 67.8 35.4 178.0 54.0 482.0
COD mg/l 398.4 83.8 21.0 381.0 222.0 747.0
BOD mg/l 170.8 37.5 21.9 165.0 91.0 310.0
NH4:-N mg/l 20.6 2.2 10.7 20.5 9.8 28.8
Total Nitrogen mg/l 33.8 4.4 12.9 33.3 19.3 54.4
Total P mg/l 4.8 1.3 26.8 4.4 2.9 11.4
Alkalinity as CaCO3 mg/| 249.8 14.7 5.9 249.0 149.0 294.0
COD/BOD Ratio No. 2.3 0.2 10.1 2.3 1.8 3.5
Temperature °C 32.4 2.6 7.9 32.5 24.8 36.8

The wastewater is relatively dilute compared with UK and European values due to high potable water
consumption in the Middle East; ¢.286 I/c/d compared with 150 I/c/d for Europe (Odhiambo, 2017). However,
the COD/BOD ratio is not impacted, and the value supports the view that the wastewater is primarily from a
domestic catchment (Metcalf & Eddy, 2013). The influent was reported as out of specification daily due to
wastewater tanker quality, and during the summer months, for high wastewater temperature.

10
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Figure 1. Frequency plots for influent wastewater parameters TSS, COD, BOD and
ammoniacal nitrogen (normal distribution curves overlaid). 5 years data 1,826 data points

Table 2 — Effluent Wastewater Statistics

Variable Units Sule oS Mean Median St. Dev L Minimum  Maximum
Standard Var
Turbidity NTU 2 2.0 2.0 0.5 26.0 0.8 4.4
Total Suspended Solids mg/l 10 3.0 2.8 1.1 36.1 0.8 10.0
COD mgl/l 40 16.1 16.0 2.7 16.8 8.0 28.0
BOD mgl/l 10 2.0 2.0 0.1 5.5 2.0 3.7
NHa+-N mgl/l 1 0.5 0.4 0.7 121.8 0.1 7.5
NO; mg/l 1 0.2 0.1 0.2 91.7 0.1 1.2
TKN mg/| 5 1.4 1.3 0.8 53.5 0.1 8.6
Total N mg/| 10 3.9 3.7 1.2 315 1.2 114
Total P mgl/l 1 0.7 0.7 0.4 49.5 0.2 24
FC cfu/100 mL 2.2 58.6 1.0 138.6  236.7 1.0 894.0
Alkalinity as CaCQOg3 mgl/l n/s* 143.3 141.0 12.2 8.5 112.0 179.0
Temperature °C n/s 32.0 32.1 3.2 9.9 24.0 37.5

* - no standard

Mean and median values for parameters, TSS, COD and BOD were significantly below the compliance
values, with no failures over the 5-year period. The mean values of the nutrient parameter’s ammonia, NO2
and TN were also within the compliance values. Effluent nitrate (not shown) was < 5 mg/| for all samples
against a compliance standard of 10 mg/l. Alkalinity remained sufficient to always support nitrification.
However, the mean turbidity (NTU) value was at the required standard, indicating a challenge in achieving
compliance. The final effluent temperature ranged from 24 to 37.5°C.
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Figure 2 — Frequency histogram for effluent ammonia Figure 3 — Frequency histogram for effluent nitrite
(normal distribution curve overlaid). (normal distribution curve overlaid).
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Table 3 — Parameter compliance with performance standards

Statistic Parameter (mg/I)/NTU
TSS COD BOD NH4+-N NO: TKN TN Turb.
No. of samples 1,826 1,826 1,826 1,826 1,826 1,826 1,826 1,826
Exceeding standard 0 0 0 99 18 9 4 238
%age non-compliance 0.0 0.0 0.0 5.4 1.0 0.5 0.2 13.0
%age compliance 100.0 100.0 100.0 94.6 99.0 99.5 99.8 87.0

Parameters TSS, COD and BOD returned 100% compliance. The 4 nitrogen species and turbidity (NTU)
returned percentage compliance less than 100% (except nitrate which returned 100% compliance and is not
shown). Only ammonia returned a percentage compliance of less than 95%. All non-compliances were exempt
from penalty due to out of specification influent.

Data distribution

The underlying distributions: normal, log-normal, or other, were determined for the 1,826 influent and effluent
samples data. The Anderson-Darling method was used at 5% level of significance. False negative outcomes
can occur with this test due to large data sets, numerous identical values, and outliers (Benjamin, et al., 2014).
Where it clearly appeared that data sets belonged to a particular distribution, but failed the test, random data
subsets were generated in Minitab 21.4.2 and the tests were repeated. Subsets were taken using the Taro
Yamane method (Yamane, 1967) to ensure statistical significance. A minimum sub-sample size of 328 was
taken from the 1,826 with a margin of error of 5%. Subsequent T-testing confirmed that the means of the sub-
sample and parent population were not statistically different.

Influent wastewater
Figures 4 and 5 show frequency and box plots for principal parameters, the 328 sub-samples, and probability
plots against normal and log-normal distributions.
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Figure 4. Frequency plots for sub-sampled influent TSS, Figure 5. Box plots for sub-sampled influent TSS, COD,
COD, BOD and ammoniacal nitrogen against log-normal BOD nd ammoniacal nitrogen; 5 years, 328 random data
distribution, Anderson-Darling test at 95% significance; 5 points
years, 328 random data points
The statistical distribution of the influent and effluent data was determined.
Table 4 — Influent wastewater parameter distribution
Statistical distribution TSS COD BOD COD/BOD NHa4+-N TN Alkalinity
ratio
Normal - - - - X - X
Log-normal X X X X - X -
Other - - - - - - -
p* 0.225 0.064 0.059 0.441 0.306 0.085 0.102

* - where p>0.05 null hypothesis that the data do not belong to the distribution tested is rejected.
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Influent parameters associated with suspended solids were log-normally distributed. Soluble parameters
such as ammoniacal nitrogen and alkalinity tended to conform to a normal distribution, agreeing with
published findings, (Metcalf & Eddy, 2013; Berthouex and Brown, 2003).
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Figure 6. Frequency plots for sub-sampled effluent Figure 7. Box plots for sub-sampled effluent TSS,
TSS, COD, ammoniacal and total nitrogen against log- COD, ammoniacal and total nitrogen; 5 years data, 328
normal distribution, Anderson-Darling test at 95% random data points
significance; 5 years data, 328 random data points
Table 5- Effluent wastewater parameter distribution
Statistical TSS COD BOD COD/BOD NH3s-N TKN TN NTU
distribution ratio
Normal - - - - - - - -
Log-normal X - - - - - - -
Other* X* X** X* x** x* X* X***
p* 0.196 <0.005 <0.005 <0.005 <0.005
* COD, COD:BOD ratio, TKN and TN data appeared visually to be normal but failed the A-D test at
p=0.05 even following sub-sampling.
** BOD and ammonia data returned most values around the limit of detection.

***  Turbidity (NTU) data were heavily skewed and likely impacted by the periodic addition of polymer
into the effluent storage lagoons to reduce the frequency of non-compliance.

Impact of wastewater temperature on performance

The operating temperature of the biological process impacted the oxidation of nitrogen species. During the
winter months, when wastewater temperatures were between 25 and 30°C, compliance with ammonia, nitrite
and TN was easily achieved at an SRT of approximately eight to 12 days and an average DO of 1 mg/I.
However, as temperatures increased, nitrification was affected, and compliance put at a greater risk.
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Figure 6 — Effluent nitrogen species nitrite and total

Figure 5 — Effluent nitrogen species ammonium, nitrite nitrogen versus month of the year.

and total nitrogen versus wastewater temperature.
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Hellinga et al. (1998), reported that the growth rate of nitrogen oxidising bacteria (NOBSs) is affected by
temperature to a greater extent than that of ammonia oxidising bacteria (AOBs). The data presented here
support that observation. However, the elevated nitrite concentrations were observed when wastewater
temperature reduced after summer, rather than as summer approached, indicating that the population of NOBs
took time to recover following the impact of elevated temperature, even with SRTs of up to 25 days and with
DO being maintained at 1 mg/I.

Determination of risk of failure and performance reliability
Theoretical risk of failure was determined with the three methods described above and compared with actual
failure rate.

Table 6 — Risk of parameter failure — Actual and Predicted

Parameter No. of No. of %age Standard  Mean Coeff. of Actual Niku’s
samples failures failures (mg/l) (mg/l)  Variation Reliability  Reliability  Difference
(%) (%) (%)

TSS 1,826 0 0.0% 10 3.0 0.36 100.0% 100.0% 0.0%
COD 1,826 0 0.0% 40 16.1 0.17 100.0% 100.0% 0.0%
BOD 1,826 0 0.0% 10 2.0 0.05 100.0% 100.0% 0.0%
NTU 1,826 238 13.0% 2.4 2.0 0.26 87.0% 79.1% 7.9%
NHz+-N 1,826 99 5.4% 14 0.5 1.22 94.6% 93.0% 1.6%
NO; 1,826 0 0.0% 14 0.2 0.92 100.0% 99.3% 0.7%
TKN 1,826 9 0.5% 5.0 1.4 0.53 99.5% 99.7% -0.2%
TN 1,826 4 0.2% 10 3.9 0.32 99.8% 99.9% -0.1%

Table 7 — Actual and forecast reliability — Markov and Chebyshev’s Inequality and Niku’s CoR

Parameter Actual Markov’s Chebyshev’s

Reliability (%) Niku’s CoR (%) Difference (%) Inequality Inequality
(%)

TSS 100.0 100.0 0.0 69.8 97.6

COD 100.0 100.0 0.0 59.8 98.7

BOD 100.0 100.0 0.0 79.8 100.0

NTU 87.0 79.1 7.9 14.8 -124.3*

NH4.-N 94.6 93.0 1.6 61.4 41.5

NO2 100.0 99.3 0.7 86.0 97.8

TKN 99.5 99.7 -0.2 715 95.5

TN 99.8 99.9 -0.1 62.1 97.1

* - Forecast probability of failure is greater than 1.
DISCUSSION

We assessed the performance of the Muharragq Sewage Treatment Plant over a five-year period between 2019
and 2023. We analysed the data sets statistical properties and employed three statistical methods to determine
the risk of failure in meeting discharge standards. The plant complied with the standards for TSS, COD, BOD
and NOgzevery day for 5 years. However, ammonia failed the 1 mg/I standard on 99 days, equating to 5.4% of
total samples while Nitrite, TKN and TN achieved compliance of 99% or greater. The average concentration
of ammonia and nitrite observed during the study aligned with the minimum achievable values reported by
Metcalf & Eddy (2013) - 0.5 mg/l for ammonia and 0.1 mg/l for nitrite. Turbidity performance was less
compliant, 13% of samples failing. Compliance proved challenging possibly due to degradation of the biomass
at high temperatures and greater floc shearing from increased aeration to maintain DO at high temperatures.

Markov’s Inequality, which is close to the industry “rule of thumb” determined only from the mean of the
data and the concentration to be met, overestimated the probability of failure between 25 and 40%. This
limitation does not consider the distribution of the data and would be less informative for practical applications
and operators.
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Results from Chebyshev's Inequality, based on the mean, standard deviation, and a desired confidence level,
showed closer agreement with the actual performance data. Excluding the negative turbidity value, the average
difference between predicted and observed values was less, only 9%.

Niku's CoR was superior. The differences between the actual rate of failure and the CoR value were small,
less than 0.5% for 7 out of 9 parameters. However, there were discrepancies for turbidity and ammonia. The
large difference for turbidity might be due to the test's assumption of a log-normal data distribution when the
data itself were significantly skewed. Similarly, the difference for ammonia could be attributed to the data
being heavily skewed and most values being near the detection limit of the measurement method, thereby
affecting the CoR calculation.

For parameters TSS, COD and BOD, actual plant reliability, 100% (or 1.0) and Niku’s CoR returned the
same value. This actual reliability is significantly better than that reported by Silva (2022), with respective
values of 0.84, 0.9 and 0.9. These results indicate a positive impact of high operating temperatures on the
heterotrophic biomass population and their treatment of the organic fraction of wastewater. The Muharraq
plant returned high nitrification and denitrification performance although negative impact of high
temperatures, particularly on the NOB population was evident, and may present challenges to plant compliance
in the Middle East. Where data were either normal or log-normally distributed Niku’s CoR gave close
agreement to actual reliability over five years of operational data. Where parameter data were either at the
testing methods limit of detection, or highly skewed, the method accuracy was reduced.

CONCLUSIONS

e The Muharraq Sewage Treatment Plant delivered excellent treatment and sewage effluent quality
over a 5-year period, with no failures of suspended solids, COD and BOD based on daily sampling.

¢ Although the oxidation and removal of nitrogen species was negatively affected by high wastewater
temperatures experienced in the Middle East, compliance was between 95 and 100%.

e Niku’s Coefficient of Reliability (CoR) accurately predicted the rate of failure of 7 out of 9
wastewater sanitary parameters based on the analysis of 1,826 compliance results to within 0.5%.

e Niku’s CoR was far superior other statistical methods where the distribution of data is not known
or assumed to be log normal. By calculating rolling or seasonal CoR values, its use as a predictive
tool could be significantly enhanced, particularly for those striving for regulatory compliance

e The gPCR analysis of biomass could be employed to identify temporal variations in specific
nitrifying species AOB, NOB and 'Comammox’ bacteria and support new operational practices.
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