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a b s t r a c t
The article describes the methodology for balancing organic carbon and nitrogen compounds with the 
use of chemical oxygen demand (COD) fractionation. Calculations were made for the technological 
system of mechanical and biological wastewater treatment (PE 22 735) with anaerobic/anoxic/oxygen 
bioreactor and processing of sewage sludge. A high average degree of pollution removal were 
respectively: biochemical oxygen demand – 97%, COD – 93%, suspensions – 91% and 83% for nitrogen 
compounds. In raw wastewater, 78% of total COD were biodegradable organic compounds, and 
about 93% of total nitrogen was ammonium nitrogen. It was found that the processes of mechanical 
wastewater treatment have an impact on the share of organic substances in the sewage flowing into the 
biological part. The sieves remove a significant portion of the slowly biodegradable suspension. Despite 
different fractions of individual fractions in raw wastewater, treated wastewater was characterized by 
comparable parameters, respectively: for COD, non-biodegradable fractions constituted 88%, and for 
total nitrogen: 55% – N–NO3, 33% – N–NH4, 12% – organic nitrogen, respectively. The results obtained 
and the balance sheet prepared confirmed the so-called “COD loss” theory, according to which close 
100% COD balance simulations are only possible for oxygen reactors or anoxic/oxygen systems.
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1. Introduction

One of the directions of water protection is protection 
against pollution coming from insufficiently treated waste-
water. By joining the European Union, Poland undertook to 
comply with the requirements of Council Directive 91/271/
EEC of May 21, 1991 regarding urban wastewater treatment 
(Official Journal EC L 135 of 30.05.1991) following the tran-
sition dates and periods specified in the negotiations and 
stipulated in the Accession Treaty. According to the directive, 
the entire area of Poland, due to the overall location in the 
Baltic Sea catchment, was considered the so-called sensitive 
area, which requires a significant reduction of discharges of 
nitrogen and phosphorus compounds and biodegradable 

pollutants into waters. Important assumptions of the direc-
tive are: ensuring wastewater treatment with an increased 
standard of nutrient removal in agglomerations above 10,000 
PE and ensuring a 75% reduction of the nitrogen and phos-
phorus load about the load flowing into the treatment plant. 
Therefore, it is understandable to strive for conducting bio-
logical wastewater treatment in a way that ensures maximum 
reduction of nitrogen and phosphorus compounds in the 
wastewater.

Characteristics of nitrogen compounds in raw wastewater 
are most often based on the analysis of total/general Kjeldahl 
nitrogen (TKN = organic nitrogen + ammonium nitrogen). 
The share of both forms depends on the time of wastewa-
ter retention in the sewage network because it is where the 
hydrolysis of organic nitrogen to ammonium begins. Nitrate 
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and nitrite nitrogen content are usually not included. For 
more accurate wastewater characteristics, it is assumed that 
nitrogen occurs in the forms [1]:
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2 3
, – nitrite and nitrate–nitrogen concen-

tration, gNm–3; TKN – total nitrogen concentration as deter-
mined by the Kjeldahl method (ammonium and organic 
nitrogen), gNm–3; S

NH4
+ – ammonium nitrogen concentra-

tion (ammonium ion and undissociated ammonia), gNm–3;  
SI,N – concentration of dissolved organic nitrogen contained 
in non-biodegradable compounds, gNm–3; XI,N – concentra-
tion of the non-bioavailable organic nitrogen contained in 
the total suspension, gNm–3; XS,N – concentration of easily 
bioavailable organic nitrogen in the total suspension, gNm–3.

In the process of wastewater treatment, ammonification is 
continued, the product of which ammonium nitrogen can be 
assimilated, that is, used to build a bacterial mass or oxidized 
in the nitrification process to nitrite (III) and nitrate (V). The 
mentioned processes (ammonification, nitrification) do not 
cause changes in the total nitrogen concentration in wastewa-
ter, but a change in the forms of nitrogen occurrence appears. 
All microorganisms participating in biological wastewa-
ter treatment processes need nitrogen to grow. They use it 
most often in the form of organic and ammonium nitrogen 
and its absence use nitrates. With the adopted stoichiomet-
ric formula for biomass C5H7NO2, nitrogen constitutes about 
12.3% of its mass. Another process - denitrification causes the 
reduction of nitrite (III) or nitrate (V) nitrogen to free gas-
eous nitrogen, thus contributing to the permanent removal 
of total nitrogen from wastewater. It should also be noted 
that a significant amount of nitrogen remains assimilated in 
biomass and is removed with excess sludge for processing. 
The importance of liquids arising in the processes of thicken-
ing, dewatering or biological treatment of sewage sludge is 
underestimated due to their small amount and insignificant 
share in the total amount of treated wastewater. However, a 
large load of impurities contained in sludge liquids can pose 
a threat to the proper functioning of the treatment plant. The 
literature gives divergent values of pollutant loads recycled 
with sludge liquids to the wastewater treatment system [2]. 
Sludge liquids are most often characterized by a high content 
of organic compounds and biogenic compounds, in partic-
ular ammonium nitrogen and phosphates, general suspen-
sion, usually hardly falling colloidal, the content of fats and 
heavy metals [3].

The main problem in optimizing the activated sludge 
method in mathematical models is the lack of a parameter 
that clearly defines the share of organic mass in wastewater 
and activated sludge biomass. Knowledge of the organic 
carbon content in wastewater allows to design an appropri-
ate method of its removal and effectively reduce other pol-
lutants, primarily nitrogen and phosphorus removal. It also 
gives the possibility to optimize individual unit processes, 
and above all to monitor processes occurring in the activated 
sludge chamber [4]. Also, organic carbon is an important 
indicator when assessing the content of organic substances 

in wastewater sludge. This makes it possible to determine 
the susceptibility of sludge decomposition and the selection 
of an appropriate method of management. Most often, spe-
cific quality indicators of the substrate, such as COD, BOD5, 
total organic carbon or dry organic matter (DOM) are used to 
assess the share of organic substances [5]. COD and DOM are 
a measure of the total amount of organic matter, and BOD5 
is most often described as the biodegradable part of organic 
compounds. In many cases, such, rather general informa-
tion about the organic matter contained in the wastewater is 
insufficient, which necessitates more accurate characteristics. 
Detailed characteristics of organic substances in wastewater 
can be achieved by determining the COD fraction (Fig. 1).

COD fractionation of wastewater is widely used in 
modeling biochemical processes occurring in the process of 
wastewater treatment with activated sludge and anaerobic 
processes.

Preparation of the COD balance requires comprehensive 
information on, among others [7–10]:
• technological data (amount of wastewater, the volume of 

bioreactors, recirculation rate, sludge management, etc.);
• changes in COD and concentration of nitrogen com-

pounds bioreactors;
• DOM dry organic matter content and determination of 

the COD quotient in activated sludge.
The basis for preparing the balance is the determination 

of the COD load supplied to the activated sludge chambers 
and the COD load discharged with treated wastewater and 
taking into account such components as:
• COD charge oxidized in the biological wastewater treat-

ment process (quantitatively described by the number of 
electrons disconnected from organic substrates (dehy-
drogenation) and attached to the acceptor);

• COD charge contained in organic particles adsorbed on 
activated sludge flocs and assimilated by activated sludge 
biomass during cell synthesis and then discharged with 
excessive sludge.
The study aimed to prepare a balance of nitrogen and 

COD compounds during the technological process of sewage 
treatment plants based on laboratory tests.

2. Methodology of the study

2.1. Research object

The tests were carried out in a mechanical-biologi-
cal sewage treatment plant with an operational capacity 
of 6,450 m3 d–1 (22 735 PE) working based on the technol-
ogy of low-loaded activated sludge in a circulation system. 
Wastewater from the city is fed via a pumping system to 
the wastewater treatment plant, and wastewater from the 
non-sewage area is transported with a slurry tanker and 
drained to a catchment point. Mechanical wastewater 
treatment occurs on sieves and an aerated grit chamber. 
Nitrification, denitrification, biological and chemical dephos-
phatation processes take place in the bioreactor. Partially 
stabilized excess sludge, from the secondary settler flows to 
the excess and recirculated sludge pumping station. From 
the pumping station, part of the sludge - recirculated sludge 
is recycled to the bioreactor, and excess sludge is pumped 
to the gravity thickener. Excessive sludge is dewatering in 
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the press chamber. Dewatering precedes chemical prepara-
tion for the filtration process, that is, conditioning with iron 
salts and lime milk. The dewatering sludge is transferred to 
an enterprise dealing in the production of flower soil and 
garden fertilizers. The technological system of the analyzed 
wastewater treatment plant with marked localization of sam-
pling points was presented in Fig. 2.

Samples of raw wastewater, sewage sludge and waste 
from subsequent technological objects were taken six 
times. In laboratory tests, the content of ammonia nitrogen, 
nitrate-nitrogen and total Kjeldahl nitrogen, total suspension, 
COD, BOD5 was determined in filtered and non-filtered sam-
ples following the procedures in force at the accredited lab-
oratory of the Institute of Environmental Engineering of the 
University of Zielona Góra, Poland.

The samples were given the following determina-
tions: W1 – raw wastewater, W2 – wastewater after sieves,  
W3 – wastewater after grit, W4 – treated wastewater, L1, L2 –  
supernatant water from gravity thickener and liquids after 
dewatering, respectively, S1 – excessive sludge, S2 – sludge 
from gravity thickener, S3 – dewatered sludge

2.2. Methodology for determining the COD fraction

The methodology for determining the COD fraction has 
been included in the ATV-A131 guidelines [10]. Guideline 
ATV-DVWK A131P the dimensioning of single-stage sew-
age treatment plants with activated sludge, developed by 
the German Association of engineers and technicians of 
wastewater treatment, is widely used in design practice 
and at the stage of optimization and modeling of the waste-
water treatment process. It allows us to describe processes 
based on wider than basic characteristics of raw wastewater. 
According to which, the determination of the SS, SI, XS and XI 
fraction is based on the determination of COD and BOD5 in 
samples of filtered (0.45 µm) and unfiltered raw and treated 
wastewater, where:
• The COD of inert soluble organic substrates SI is defined 

as COD in treated filtered wastewater.

• The COD of soluble readily biodegradable substrates SS 
is calculated from the difference in the concentration of 
dissolved organic pollutants SCOD determined in raw fil-
tered wastewater and fraction SI:SS = SCOD − SI.

• The COD of particulate slowly biodegradable substrates 
XS is defined as the difference of total BOD, calculated 
based on BOD5 raw unfiltered wastewater and the rate 
of biochemical degradation and the easily decomposed 
dissolved fraction: XS = (BOD5/k1) − SS.

• The fraction of inert particulate organic substrates XI is 
determined from the dependence: XI = XCOD − XS where 
XCOD is the total COD of organic suspensions.

• The total COD of wastewater is the sum of all fractions: 
TCOD = SI + SS + XS + XI.
To determine the dissolved fraction, the method of filter-

ing the wastewater samples through the 0.45 µm filter was 
assumed.

According to the methodology ATV-131, the value of frac-
tion XS is calculated based on the constant rate of biochemical 
degradation k = 0.1 d−1, for which BODTot = BOD5/0.6. The cal-
culation also assumes that the fraction SI corresponds to the 
COD value is filtered treated wastewater. This assumption 
is reflected in the calculation of the SS fraction because it is 
calculated based on the difference SCOD − SI, which in treated 
wastewater is equal to zero in each case.

3. Results of the research and discussion

Quantitative and qualitative balance sheet in terms of 
COD and BOD5 loads, total suspended solids and nitrogen 
in the analyzed technological system of the wastewater treat-
ment plant is presented in Figs. 3 and 4, respectively. The 
volume of the separated screenings, sand and fats was con-
sidered exclusively in the quantitative balance sheet of the 
wastewater treatment plant.

The average values of the analyzed parameters in raw 
wastewater were respectively: COD – 554 g O2m–3, BOD5 – 
269 g O2m–3, total suspended solids – 263 gm–3, ammonia 
nitrogen – 37 g Nm–3, TKN – 40 g Nm–3. 

 

 
 
 
 

 Fig. 1. Schematic diagram of the COD fractions and their fates in a biological wastewater treatment plant [6].
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Fig. 2 Technological system of an analyzed wastewater treatment plant.
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Fig. 3. Balance of COD, BOD, and TS load in a technological system.
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As literature data proves, in the wastewater channeled to 
urban wastewater treatment plants nitrogen occurs mainly 
in the form of ammonium ion (N–NH4) and inorganic com-
pounds. Ratios between these forms of nitrogen are related 
to the source of wastewater. It was also proven that the time 
of delivery of wastewater to a wastewater treatment plant 
and conditions present in the sanitary sewage system has 
a significant impact on the value of this ratio, contributing 
to an increase in the proportion of ammonia nitrogen at the 
expense of organic nitrogen [11]. In the analyzed case the 
proportion of ammonia nitrogen in the raw wastewater was 
92.5%, which indicates a highly advanced process of ammon-
ification, which organic nitrogen undergoes in a complex 
sanitary sewer system that channels wastewater to the waste-
water treatment plant, and a long period of channel retention.

Returning of leachates from the chamber filter press to 
the technological system through sieves caused an increase 
in pollution loads in the wastewater concerning the loads 
delivered with the raw wastewater to the wastewater treat-
ment plant by respectively 25% of COD, 7.5% of BOD5, 9.3% 
of total suspended solids and 9.6% of TKN. Supernatant 
waters from the gravitational densifier were channeled to the 
biological reactor and constituted additional pollution load 
with 3.5% of COD, 1.7% BOD5, 1% of total suspended solids 
and 75% of TKN. Supernatant waters from the gravitational 
densifiers and leachates from mechanical dehydration of 
wastewater sediments, in comparison to post-fermentation 
liquids, are characterized by a lower concentration of pol-
lutions, which are additionally decreased by the usage of 
polyelectrolytes for conditioning of sediments. Releasing of 
pollutions to supernatant waters in the gravitational densifi-
cation process is strongly connected to the time of sediment 
densification [12]. Based on the data presented in literature it 
can be concluded that concentrations of ammonia nitrogen in 
this sort of leachate vary in a relatively wide range, and for 
the remaining pollution, indicators do not exceed 10%–15%. 
Therefore, in mechanically treatment wastewater channeled 

to bioreactors concentration of total nitrogen was still high 
and similar to the values marked in the raw wastewater (83% 
of load delivered with the raw wastewater) [13].

In the analyzed wastewater treatment plant a high degree 
of organic compounds removal was obtained, with: COD – 
93% and BOD5 – 97%, and also total suspended solids – 91%. 
Obtained results of total nitrogen removal were averagely 
83%, which correspond with concentrations of total nitrogen 
in the treatment wastewater, 8.7 g Nm–3, of which approx-
imately 55% is nitric nitrogen and 33% ammonia nitrogen.

A load of COD discharged from the system was com-
pared with a load of COD delivered with the raw wastewa-
ter, according to the Eq. (2):

%COD
LCOD
LCOD

100  (2,613 235)
3,067

out

in

=








 ⋅ =

+







 ⋅100 == 93%  (2)

In the analyzed technological system of the wastewater 
treatment plant, a total load of COD corresponding with 
the consumption of organic compounds in the denitrifica-
tion process and mineralization by heterotrophic bacteria, 
the load of COD discharged with the excessive sludge and 
the treatment wastewater was equivalent to a load of COD 
delivered to the biological section (balance 93%, in the bal-
ance sheet a load of COD discharged from the system along 
with screenings and sand, was not taken into account). 
Simultaneous conducting of processes in the biological reac-
tor contributes to the treatment of wastewater without the 
creation of separate anaerobic zones, which would increase 
the uncontrolled loss of volatile organic compounds, which 
is then measured by the loss of COD, through mineraliza-
tion of organic compounds [14]. The loss of COD indicated 
in the balance sheets results from the process of hydrolysis. 
Produced volatile fatty acids are mainly utilized by phos-
phoric bacteria in anaerobic conditions or simply lost during 
wastewater flow.
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In the raw wastewater averagely 78% of total COD 
was biodegradable organic compounds dissolved (SS – 
22%) and bound in suspended solid (XS – 56%), which was 
determined during an analysis of COD fraction following 
the methodology ATV-A 131 (Fig. 5). Mechanically treated 
wastewater in the sieve-grit chamber system was character-
ized by an increase in the proportion of COD of dissolved 
substances. The proportion of suspension non-degradable 
fraction of COD, XI increased from 5% in raw wastewater to 
18% in mechanically treated wastewater. The proportion of 
this fraction in treated wastewater was approximately 7%. 
Such change is observed, because a load of COD in non- 
degradable suspended solid undergoes sorption on acti-
vated sludge and is to a large extent discharged with exces-
sive sediment.

In the treated wastewater average COD values of the 
indicated fractions were: SI = 45 gO2m–3, XS = 8 gO2m–3 and 
XI = 4 gO2m–3, and the proportion in the total COD corre-
sponding to them was as follows: SI = 81%, XS = 12% and 
XI = 7%. Following the adopted methodology of estimating 
the COD fraction in treated wastewater no SS fraction was 
recorded.

Table 1 presents the proportion of COD fraction in urban 
raw wastewater provided by various authors, and also the 
obtained results of research results.

The data set in Table 1 indicates that the proportion 
of COD fraction in urban wastewater is not constant and 
changes and the results obtained from the studies are compa-
rable with those provided by other authors.

4. Conclusions

The mathematical description that is the basis for mod-
eling wastewater treatment processes is based on theoretical 
knowledge and data from operated wastewater treatment 
plants, pilot installations, or laboratory tests. The basis for 
using the information obtained is their reliability, which 
can be confirmed by preparing mass balances of individual 
components. In practice, such balances are rarely prepared 
because of the need for detailed tests and measurements. It is 
often very difficult also for technical reasons. Undoubtedly, 
the basic and commonly used parameter characterizing 
organic substrates is COD.

The division of COD into fractions allows us to addi-
tionally assess the amount of non-biodegradable impurities 
and calculate the percentage of organic nitrogen fraction. 
However, the complexity of processes in anaerobic/anoxic/
oxygen conditions causes problems with the determination 
of components that should be balanced. After subsequent 
technological structures for wastewater treatment, changes 
in the proportion of particular COD fractions and nitrogen 
compounds were reported, mainly resulting from the sieve 
filtering process and biochemical changes, for example, 
ammonification, nitrification and denitrification.

It was found that the processes of mechanical wastewater 
treatment have an impact on the proportion of dephospha-
tation processes organic substances in the sewage flowing 
into the biological section. The sieves remove a significant 
portion of the slowly biodegraded suspension material. The 
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Table 1
Proportion of COD fraction in urban raw wastewater

Frakcja Kappeler and 
Gujer [15]

Sözen [16] Płuciennik-Koropczuk 
and Myszograj [17]

Ekama 
[18]

Henze 
[19]

Ignatowicz 
[20]

Research 
results

%

SS 10 – 20 9 50.0 – 61.7 20 – 25 24 – 32 33 22
SI 7 – 11 4 2.2 – 6.0 8 – 10 8 – 11 7 17
XS 53 – 60 77 22.0 – 34.4 60 – 65 43 – 49 44 56
XI 7 – 15 10 8.0 – 16.2 5 – 7 11 – 20 16 5
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results obtained and the balance sheet prepared confirmed 
the so-called “COD loss” theory, according to which nearly 
100% (93%) of COD balance simulations are only possible for 
anaerobic/anoxic/oxygen systems.
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