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On-line monitoring of 
wastewater systems
Urban wastewater systems include drain-
age networks (sewers), to collect and 
transport wastewater, and treatment 
plants (WWTPs), to remove or detoxify 
the organic and inorganic components 
carried in it. Urban wastewater quality 
reflects its possible origins, e.g., sanitary, 
industrial, groundwater infiltration and 
storm water. To consistently meet regu-
latory performance standards, waste-
water management requires advanced 
control and supervision frameworks. 
System dynamic modelling can support 
the decision process to increase the resil-
ience of wastewater systems in a context 
of highly variable inputs. Data frequency 
is critical in any modelling exercise.1 For 
such dynamic processes, diurnal, weekly 
and seasonal patterns need to be  
characterised.

Wastewater quality characterisation 
usually involves monitoring campaigns at 
selected locations, with flow rate meas-
urement and sampling with subsequent 
analyses in a laboratory. On-line monitor-
ing is thus much needed to improve the 
knowledge base on operational dynam-
ics and to provide early warnings on situ-

ations such as unauthorised discharges 
into the drainage network or equipment 
failures in WWTPs. With this information, 
managers would acquire the ability for 
timely response to input changes, reduc-
ing costs (e.g., energy for pumping and 
aeration) and performance deterioration 
risks (e.g., excessive pollution discharged 
into natural water bodies). However, due 
to the complexity and instrument costs, 
on-line monitoring in wastewater systems 
is still limited.

Spectrophotometry in the UV/visible  
(UV/vis) range provides very relevant 
information for wastewater quality eval-
uation, since a major part of its organic 
components, and some of the inor-
ganic (e.g., nitrate), absorb radiation in 
this range.2 Also, radiation attenuation 
due to scattering effects can be used to 
infer the concentration and other qual-
ity attributes of the particulate pollut-
ant fraction.3 The development of high 
quality optical fibres and submersible 
instruments with optical window clean-
ing systems allow this technique to be 
applied on-line in wastewater systems. 
Chemometric methods using advanced 
multivariate data analysis are applied to 
extract information from spectra. Besides 

quality fingerprinting through princi-
pal component analysis (PCA), spec-
tral data can provide quantitative quality 
information through statistical regression 
models. Standard aggregate parame-
ters, such as total organic carbon (TOC), 
chemical oxygen demand (COD) and 
total suspended solids (TSS) have been 
inferred using partial least squares (PLS) 
regression.4,5 Spectral pre-processing 
(e.g., smoothing, first and second deriva-
tives, scatter correction) and wavelength 
range optimisation (e.g., interval PLS) 
provide enhanced quality and robust-
ness to these predictions.6 It has thus 
been demonstrated that UV/vis spec-
troscopy is a powerful tool for waste‑ 
water characterisation.7

On-line UV/vis 
spectrophotometry in two 
decentralised wastewater 
treatment plants
In rural areas, wastewater collec-
tion and treatment in small decentral-
ised systems is an accepted practice. 
However, in many cases their territorial 
dispersion has led to largely unattended 
operation. Environmental risks rise 
from pronounced load variations in the 
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inflows and inadequate design typically 
resulting in permanent organic under-
load.8 In this context, the use of on-line  
UV/vis spectrophotometry was tested 
in two decentralised WWTPs for inflow 
wastewater quality monitoring. Both 
WWTPs comprised extended aeration 
activated sludge bioreactors and gravity 
settlers, with intermittent aeration and 
biosludge wasting. The studies had in 
view a more rational management strat-
egy, based on dynamic modelling of the 
treatment systems. In particular, a better 
basis was sought for decisions on aera-
tion regimen and biosludge inventory 
control.

The first case-study was a WWTP treat-
ing the sewage from an 800-inhab-
itant village in the Castelo Branco 
district, Portugal. Flow meters and a 
submersible UV/vis spectrophotom-
eter (Spectro::lyser, s::can Messtechnik 
GmbH, Austria) (see Figure 1) were 
installed at the plant inlet and data acqui-
sition was carried out over five two-day 
campaigns during the period of one 
year. Sampling and laboratory analy-
ses accompanied the on-line datasets 
and the generally good correspondence 
between reference (analytical) and spec-
tra-based values can be seen in Figure 1.

The acquired data allowed the func-
tional characterisation of the treatment 
system, and the calibration and valida-
tion of a simplified, mechanistic model. 
Among other options, the model was 
used to test a simple scenario of auto-
matic aeration control in response to 
defined inlet COD load ranges, result-
ing in a reduction of the daily aeration 
time from 7.7 hours to 4.2 hours, keeping 
treatment performance within regulatory 
limits.9 Moreover, control could be kept 
through a catastrophic failure of the inlet 
flow meter by simply using an average 
inlet COD load profile derived from the 
historical on-line data.

The second case-study was a WWTP 
sized for a 5000 inhabitant-equivalent 
load, mostly urban with livestock breed-
ing wastewater inputs, in the Lisbon 
district, Portugal. A submersible UV/
vis spectrophotometer (Spectro::lyser) 
was installed at the plant inlet, comple-
menting the existing flow meter. On-line 
monitoring was sustained for one year, 

Figure 1. The submersible spectrophotometer used for wastewater quality monitoring and the 
channel it was installed in, at the inlet of an 800-inhabitant, decentralised WWTP. Example of 
analytical (symbols) and spectra-based (lines) values for quality parameters measured on the 
wastewater at the inlet of the WWTP.

Figure 2. Overview of analytical results and spectral estimates for COD on the wastewater at 
the inlet of a 5000 inhabitant-equivalent, decentralised WWTP (bottom graph). The divergence 
in values from the last campaign (V2) was anticipated in the score plot of the first two PCs in the 
PCA analysis of the on-line spectra (top graph) and pointed out the need for instrument servicing.
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during which seven, two-and four-day 
sampling campaigns were carried out. 
Spectral data were examined using PCA, 
to identify abnormal situations, including 
excessive biosludge return to the WWTP 
inlet during malfunctions in the sludge 
processing line. Also, the optimum time 
for servicing of the spectrophotometer 
was identified in the PCA score plot and 
later confirmed by a drift in the predicted 
COD values (Figure 2, campaign V2).

The acquired spectra were processed 
with PLS into software sensors for the 
estimation of the load of organic nitrogen 
at the inlet of the WWTP. Through inter-
val PLS, an independent set of sample 
values could be predicted with a rela-
tive root mean squared error (RMSE) of 
20%, for a range of 4.3–27.1 mgN L–1. 
Using these predictions, the treatment 

bioreactors could be modelled using a 
mechanistic formulation, with inlet flow 
rate, COD, organic nitrogen and ammonia 
nitrogen (measured on-line with an elec-
trochemical sensor) as inputs. Dynamic 
simulations were thus possible to adjust 
aeration cycles in order to simultaneously 
optimise energy input, COD removal and 
advanced nitrogen removal.

On-line UV/vis 
spectrophotometry in an 
urban sewer network
The application of in situ UV/vis spectros-
copy in sewers has not been reported 
often and is considered a step forward 
in drainage network management.4,10 
However, in sewers the instruments 
are subjected to fouling and access for 
maintenance is limited. Additionally, 

when storm water inflows occur, marked 
changes the water quality matrix are 
observed.

In situ installations for submersible 
spectrophotometers may involve floating 
devices or a by-pass measuring flume 
outside the main sewer.10 In the present 
case, a floating support was specifically 
designed for temporary installation at 
four locations in a sewer network in the 
Lisbon district, Portugal.6 This support 
system (see Figure 3) consisted of a 
rigid structure surrounding the probe, 
protected by polyurethane foam cylin-
ders for floating and shielding, anchored 
to the sewer access manhole at four 
points. The design ensured: 1) perma-
nent submergence of the optical window 
to a depth of about one-third of the aver-
age water depth in the sewer; 2) probe 
alignment with the longitudinal axis of 
the flow; 3) free fluid circulation through 
the optical window, with no obstructions; 
4) protection against collisions with large 
debris.

Rainwater inflow in sewers generally 
results in a dilution of dissolved matter 
and an increase in the suspended solids 
content, the nature of which varies along 
with rain events.2 UV/vis spectra, exam-
ined using PCA, were here used as a 
surrogate parameter to detect storm 
water inflow episodes. Figure 3 pres-
ents a score plot of the PCA analysis of 
a spectral dataset acquired at one of the 
locations before and during a rain event. 
The possibility of detecting the change 
in wastewater matrix was confirmed. 
Thus, TSS and COD levels in the trans-
ported sewage could be estimated from 
the acquired spectra, using interval PLS 
regression, separately optimised for dry 
and wet weather situations. Independent 
datasets were predicted with RMSE 
values under 10% for both TSS and COD, 
for value ranges of 180–230 mg L–1 and 
250–540 mgO2 L

–1, respectively.6

Conclusions
The value of on-line UV/vis spectroscopy 
for wastewater quality monitoring in two 
different sewage management situations 
was confirmed. For decentralised waste-
water treatment, spectral on-line moni-
toring of key quality parameters (COD, 
organic N) at the WWTP inlet was found 

Figure 3. The floating support system constructed for installation of the submersible 
UV/vis probe in the sewer. Score plot of the first two PCs in the PCA analysis of the on-line 
spectra acquired at one of the sewer locations, in wet and dry weather conditions.
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to be possible, at two plants of differ-
ent sizes and inflow characteristics. The 
produced data allowed the dynamic 
modelling of the treatment processes 
and the testing of control scenarios. 
In situ spectral monitoring in sewers 
was also successfully tested, with high 
potential in the management of drain-
age networks subjected to storm water 
inflows. In both situations, on-line UV/
vis spectrophotometry can thus become 
a key technology for real-time system 
management, leading to better use of 
infrastructures and resources and the 
achievement of environmental objectives 
more consistently and at lower costs.
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