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Enhanced biological phosphorus removal (EBPR) is frequently efficient, but the process
can be unreliable because it is influenced by many factors. Temperature is an important
factor determining the outcome of competition between phosphate-accumulating or-
ganisms (PAOs) and an glycogen-accumulating organisms (GAOs) and thus the result-
ant stability of EBPR. At wastewater temperature of 20 °C and sufficient sludge age, GAOs
start to grow and dominate in EBPR. These GAOs take up volatile fatty acids (VFAs) in
competition with PAOs. However, GAOs do not accumulate polyphosphate and hence
do not contribute to the excess phosphorus removal. The objective of this study was to
evaluate the impact of wastewater temperature on EBPR in wastewater treatment plants
(WWTPs) of Lithuania under different technological schemes of biological nitrogen and
phosphorus removal.
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INTRODUCTION

The effluents generated by industrial and civil activities need
the pre-treatment before their discharge into rivers, lakes and
seas in order to reduce contaminants to environmentally safe
levels. Special attention is required to inorganic substances such
as ammonium, nitrate and phosphate, which contribute to the
eutrophication of water bodies (Lodi et al., 2003). Biological ni-
trogen and phosphorus removal processes have been developed
and are being used as an economical and effective method of
treating municipal wastewater. But this process is influenced
by a lot of factors that should be evaluated in order to ensure
an efficient process of biological phosphorus removal. The tem-
perature of wastewater is one of these factors and has an indirect
impact on the EBPR process.

In the last decade, scientists of the world have intensively in-
vestigated the impact of the temperature on the EBPR process.
The results of investigations were quite contrary. Part of scien-
tists stated that biological phosphorus removal was more effi-
cient at higher temperatures (above 20 °C) (Jones et al., 1996,
Brdjanovic et al., 1997, Choi et al., 1998). The other part of sci-
entists have stated that the EBPR process is more efficient when
the temperature of mixed liquor varied between 5 °C and 15 C
(Brdjanovic et al., 1998, Garcia-Usach et al., 2005, Barnard et al.,
1985, Erdal et al., 2003). The opposite results encouraged re-
searchers to carry out a number of investigations in order to elu-
cidate the impacts of temperature on micro-organisms that par-
ticipate in the EBPR process. Investigating microorganisms in
the system of activated sludge, firstly, there were identified and

microscopically fixed special micro-organisms that in aerobic
conditions can accumulate more polyphosphate than required
for metabolism and cell synthesis (Fuhs et al., 1975). These mi-
cro-organisms were called phosphate accumulating organisms
(PAOs). Later, about 1997, another group of bacteria that use a
different source of energy was identified and called glycogen
accumulating organisms (GAOs) (Liu et al., 1996, 1997, Pereira
et al.,, 1996). Both species compete for the VFAs (e. g., acetate).
However, consuming the VFAs, PAOs accumulate polyphos-
phate in their cells, whereas GAOs do not. GAOs use glycogen
as a source of energy. Thus, when GAOs dominate in the system,
phosphate is not being accumulated and the efficiency of phos-
phorus removal decreases significantly. The growth of GAOs in
the EBPR process is affected by the following factors: (1) GAOs
are mezophylic micro-organisms. So, their optimal growth tem-
perature is 20-38 °C. However, PAOs are psychrophylic micro-
organisms (Helmer et al., 1997). So, when the temperature of
wastewater decreases seasonally, the amount of GAOs decreases
and the efficiency of phosphorus removal increases; (2) long
age of sludge in the warm season. It was determined that at the
wastewater temperature value of 20 °C phosphorus removal is
efficient when sludge age is 10 days (Erdal et al., 2003, Fukase
etal.,, 1984). GAOs grow rapidly and the phosphorus removal
decreases significantly if the sludge age is more than 10 days
(Whang et al., 2006); (3) the quantity of glucose in the influent
stimulates the growth of GAO population because glucose is the
main source of energy for their growth (Erdal et al., 2003). (4) a
low P/C ratio in the influent also has an impact on the growth of
GAOs (Liu et al., 1997); (5) low pH value. It has been stated that
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the medium is favourable for the growth of PAOs at the pH equal
to or less than 7.25 (Cokgor et al., 2004, Filipe et al.,2001).

Time is required in order to adapt the population of GAOs to
environmental conditions such as pH, temperature, wastewater
composition (Brock, 1987). This period is called the acclimati-
zation period. In practice, the acclimatization period is equal to
3 sludge ages determined in laboratory models and full-scale
WWTP (McClintock et al., 1991). Thus, when a season changes
and the temperature of wastewater rises, the growth of GAOs in-
tensifies, and during the acclimatization period of about three
sludge ages they start to dominate in the system and disturb the
process of phosphorus removal.

The aim of this work was to investigate the EBPR in Lithuania
and to evaluate the impact of temperature on biological phos-
phorus removal.

Object and methods

To determine the influence of temperature on EBPR, data on the
work of wastewater treatment plants (WWTPs) of the largest
cities of Lithuania were collected and analysed. The wastewaters
of Vilnius, Klaipéda, Alytus, Siauliai and Utena were selected for
the investigation. The Johannesburg (JHB) process, including an
anaerobic selector, is applied at Vilnius and Alytus WWTPs for
the biological removal of phosphorus and nitrogen from waste-
water. The technological line contains a denitrification zone
for return activated sludge, selector, anaerobic, denitrification
and nitrification zones. The return sludge and 20% of primary
treated wastewater are supplied to the denitrification zone for
return activated sludge. The mixed liquor, together with the re-
maining amount of wastewater, flows to the selector and later
to the anaerobic zone. Here, anaerobic conditions favourable for
PAOs are maintained. Wastewater is supplied from the anaerobic
zone to the denitrification (anoxic conditions) and nitrification
(aerobic conditions) zones consecutively.

At Klaipéda and Siauliai WWTPs, for the biological removal
of phosphorus and nitrogen from wastewater the UCT process
is applied. The process allows to reduce the concentration of
nitrate in the anaerobic zone considerably. Applying the UCT
process, the return activated sludge is supplied to the anaerobic
zone through the anoxic zone. This allows to decrease the nega-
tive impact of nitrates on biological phosphorus removal. The
amount of the return sludge is equal to 100% of influent.

The biological phosphorus removal and the intermittent
denitrification process are applied at the Utena WWTP. The pro-

cess is controlled using the Biobalance Symbio technology. The
denitrification of return activated sludge is not carried out here.

The data of at least one-year period were collected at each
WWTPs in order to get the view of all seasons. The data of
2003-2005 were analysed for the Vilnius WWTP and the data of
2006 for Klaipéda, Alytus, Siauliai and Utena WWTPs. First, in-
formation on changes of wastewater temperature was collected.
Later, the concentration of total phosphorus (P-tot) in the efflu-
ent and the BOD, and P-tot (BOD, / P-tot) ratio were analysed
and sludge age was calculated. All analysis was carried out using
standard methods (Lithuanian..., 1994).

A statistical processing of the obtained results was per-
formed. Following the statistical equations, the values that do
not fit into the interval of reliability of 95% were eliminated
(Martinenas, 2004).

RESULTS AND DISCUSSION

First, data on wastewater temperature for a period of one year
were analysed. The statistical processing of data is presented in
Table 1. The statistically reliable data show that the mean tem-
perature of wastewater was the highest in Utena and Klaipéda
and the lowest in Siauliai. The difference between the highest
and lowest temperatures of wastewater was 28%. The maximum
wastewater temperature was lower than 20 °C only in Siauliai.

The temperature of the influent depends on the season and
varies from 6 °C to 24 °C (Fig. 1). At the Vilnius WWTP, the tem-
perature of wastewater varied from 7 °C to 22 °C in 2003-2005.
The temperature of wastewater became higher than 20° C in
June or July; it did not decrease below 20 °C 3-4 months and
depended on the air temperature. In this period, the decrease of
wastewater temperature could occur during rainfalls.

At the Klaipéda WW'TP, the temperature of wastewater var-
ied from 10 °C to 23 °C in 2006. In July, the temperature reached
20 °C and it remained above 20 °C for 4 months until November.
The temperature of wastewater was above 20 °C until November
2006 at the Alytus WWTP as well, whereas at the Siauliai WWTP
it did not reach 20 °C and varied between 6 °C and 17.5 °C in
2006. At the Utena WWTR the temperature of wastewater
reached 20 °C in June and remained above 20 °C until October.

In the warm season, favourable conditions for the growth of
the GAO population were formed at the Vilnius, Klaipéda, Alytus
and Utena WWTPs because wastewater temperature was higher
than 20 °C during a period of 3 to 5 months (June, July, August,

Table 1. Results of statistical processing of data on wastewater temperature in influent

City Vilnius Vilnius Vilnius Klaipéda Alytus Siauliai Utena

Year 2003 2004 2005 2006 2006 2006 2006
Number of records, n 243 259 257 365 47 25 140

Temperature of wastewater in influent, “C

Maximum value, x 21.0 22.0 21.0 23.2 24.0 17.5 235
Minimum value, X 10.0 10.0 7.0 10.6 10.0 6.0 11.6
Arithmetical mean, x 16.0 15.5 15.1 17.1 16.6 12.8 17.7
Median 15.0 16.0 15.0 16.5 16.0 13.0 17.6
Amplitude 11.0 12.0 14.0 12.6 14.0 11.5 11.9
Dispersion, s? 9.2 8.9 16.7 13.8 13.9 12.8 12.8
Standard deviation, s 3.0 3.0 4.1 3.7 3.7 3.6 3.6
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September and October). In this period, the mean sludge age
ranged from 16 to 30 days and was suitable for the growth of
GAOs. Thus, when a season changes and the temperature of mixed
liquor rises, GAOs may start to dominate in the system and disturb
the process of biological phosphorus removal after an acclimatiza-
tion period of about three sludge ages. To verify this assumption,
analysis of phosphorus removal was carried out at the WWTPs.

The P-tot in the effluent was also analysed. Results of the sta-
tistical processing of data are presented in Table 2.

Analysing the technological parameters of the Vilnius
WWTP in of 2003-2005, it was noted that P-tot in the effluent
increased in the warm season. Figure 2 shows that in July and
August of 2003 and during part of September, the P-tot in the

Table 2. Results of statistical processing of data of P-tot in effluent

effluent was higher in comparison to other months. At that time
the temperature of the influent varied above 20 °C. The same
tendency could be seen in June, July, August and September of
2004 and in July, August and September of 2005.

Analysing the technological parameter of 2006 at the
Klaipeda WWTP, we found that the P-tot in the effluent increased
within the warm season as well (Fig. 3). The mean monthly con-
centrations of total phosphorus in July, August, September and
October differed much in comparison with other months.

At the Alytus WWTP, the increase of the P-tot was also de-
termined within the warm season - in July, August and October,
while in September there was no such tendency (Fig.4). At
the Utena WWTP, a significant increase of the P-tot in the

City Vilnius Vilnius Vilnius Klaipéda Alytus Siauliai Utena

Year 2003 2004 2005 2006 2006 2006 2006
Number of records, n 243 246 170 324 46 24 49

P-tot in effluent, mg/I

Maximum value, x, 3.8 6.8 53 2.8 23 1.5 1.6
Minimum value, x_ 0.10 0.28 0.26 0.07 0.36 0.10 0.25
Arithmetical mean, x 0.93 1.97 1.59 0.69 0.79 0.56 0.83
Median 0.45 1.40 1.40 0.37 0.68 0.27 0.79
Amplitude 3.70 6.52 5.04 2.73 1.97 137 135
Dispersion, s? 0.96 227 1.37 0.50 0.18 0.23 0.08
Standard deviation, s 0.98 1.51 1.17 0.70 0.42 0.48 0.28
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Fig. 6. Change of wastewater temperature and P-tot in effluent at Siauliai WWTP, 2006

effluent was noted in August and September of 2006 (Fig. 5). At
the Siauliai WWTP, no increase of the P-tot in the effluent was
observed in the warm season, and the highest temperature of
wastewater reached 17.5 °C only (Fig. 6).

To determine the relationship between EBPR and the tem-
perature of influent, a regression analysis of statistically reliable
data was carried out.

At the Vilnius WWTPD, statistically reliable data on the tem-
perature and P-tot in the effluent were analysed separately for
2003, 2004 and 2005, as the temperature of wastewater is not
a direct factor that can have an impact on the biological phos-
phorus removal. The temperature of wastewater influences the
growth of GAOs. In case of the same temperature of wastewater,
the number of GAOs can differ significantly depending on the
age of sludge. For this reason, data of each year should be ana-
lysed separately. The correlation and regression analysis showed
a moderately strong relationship between the temperature of
wastewater and the P-tot in the effluent. The R-squared value
varied around 0.7 (Table 3). The results of 2003 showed that the
relationship between the temperature of wastewater and the
P-tot in the effluent can be expressed applying an exponential
model, and it could be expressed applying a linear model for the
data of 2004 and 2005.

Table 3. Results of correlation and regression analysis of data: wastewater
temperature and P-tot in effluent at different WWTP in Lithuania

WWTP at | Year | Model R-squared
Vilnius 2003 P-tot = 0.03e%% 0.68
Vilnius 2004 P-tot =0.39t-.83 0.69
Vilnius 2005 P-tot =0.15t-0.75 0.65

Klaipéda 2006 P-tot =0.12t-1.27 0.83
Alytus 2006 P-tot =0.1t-0.2 0.5
Utena 2006 P-tot = 0.003e%2# 0.51
Siauliai 2006 P-tot = 0.04t + 0.03 0.14

P-tot — concentration of total phosphorus in effluent, t — wastewater temperature.

Regression analysis of data on the Klaipéda WWTP showed
a strong relationship between wastewater temperature and
P-tot in the effluent. The R-squared value was equal to 0.83, and
alinear model was used to characterise the relationship between
the abovementioned parameters (Table 3). Analysis of data on
the Alytus and Utena WWTPs showed a weaker relationship be-
tween wastewater temperature and P-tot in the effluent. In this
case, the R-squared value was equal to about 0.5, and the linear
and exponential models were used to characterise the relation-
ship between the above-mentioned parameters (Table 3). At the
Siauliai WWTP, results of regression analysis showed that the
relationship between wastewater temperature and P-tot in the
effluent was very weak. The R-squared value was equal to 0.14,
possibly because the highest temperature in the influent was
relatively low — less than 20 °C (17.5 °C), (Table 3).

However, there are factors that have a negative impact on the
process of biological phosphorus removal. These factors are the
composition of municipal wastewater, the supply of oxygen, the
sludge load / sludge age and the concentration of nitrate. The com-
position of wastewater plays an important role in the process of
biological phosphorus removal, especially products of organic fer-
mentation that are a carbon source for PAOs. The bigger amount
of VFAs in the anaerobic zone the higher release of phosphates is
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Fig. 7. Relationship between BOD, / P-tot in influent and P-tot in effluent at Vilnius
WWTP, 2003: a) in the warm season, b) in the cold season

obtained. VFAs could be produced from a readily biodegradable
substrate by fermentation bacteria. So, the BOD, / P-tot ratio is
very important for biological phosphorus removal, especially
in the warm season when there are suitable conditions for the
growth of GAOs. In the warm season, GAOs propagate rapidly and
consume VFAs competing with PAOs. So, we may assume that bio-
logical phosphorus removal is not disturbed, even if GAOs prevail
in the system, if there is enough VFAs. Therefore, we hypothesised
that within the warm period when GAOs prevail, the P-tot in the
effluent could be predicted according to the BOD,/P-tot ratio in
the influent. To prove this assumption, a correlation and regres-
sion analysis of statistically reliable data on the BOD, / P-tot ra-
tio in the influent and P-tot in the effluent was carried out. Data
on the Vilnius, Klaipéda and Alytus WWTPs were used, and they
were divided into two groups of the warm and the cold seasons.
Analysis of data on the Siauliai WWTP was inexpedient because
the conditions did not favour the growth of GAOs because of the
relatively low temperature of wastewater.

The results show that a relationship between the BOD, /
P-tot in the influent and P-tot in the effluent is obtained only in
the warm season at the Vilnius and Alytus WWTPs (Figs. 7a and
8a). The R-squared value varies around 0.7. In the cold season, the
R-squared value of the above-mentioned relationship is 0.02 at the
Vilnius WWTP (Fig. 7 b) and 0.39 at the Alytus WWTP (Fig.8 b),
showing a weak relationship between the parameters. To express
the relationship between the BOD, / P-tot in the influent and P-tot
in the effluent, a linear model is suitable. At the Klaipeda WWTP,
no relationship between the study parameters was defined either
in the warm or the cold season as the BOD_/P-tot in the influent
was rather steady. In the warm season, the BOD, / P-tot in the in-
fluent varied around 20 and versus about 24 in the cold season.

Fig. 8. Relationship between BOD, /P-tot in influent and P-tot in effluent at Alytus
WWTP, 2006: a) in the warm season, b) in the cold season

This analysis allows a conclusion that in the warm season when
GAOs prevail, the value of BOD, / P-tot in the influent should be
more than 30 to ensure the undisturbed biological phosphorus
removal process, i. e. the amount of VFAs should be sufficient for
both PAOs and GAOs. The results of regression analysis of the
BOD./P-tot in the influent and P-tot in the effluent explain why the
increase of P-tot in the effluent of the Alytus WWTP is observed in
the warm season (July, August and October) but not in September.
In September, the mean value of BOD, / P-tot in the influent was
above 30, whereas in July, August and October it was equal to 24,
21 and 24, respectively. A bigger number of data is required for
a more precise analysis as the BOD, / P-tot in the influent of the
study WWTPs is determined once per week on the average. In
some WWTPs, the above-mentioned relationships were not deter-
mined for the lack of data.

CONCLUSIONS

1.In Lithuania, in the warm season the temperature of wastewa-
ter reaches 20 °C in WWTPs. Such temperature remains for 3 to
4 months and the sludge age ranges within 16 to 30 days, thus
favouring the growth of the GAO population.

2. In WWTPs of the largest cities of Lithuania, the concen-
trations of total phosphorus in the effluent increase above 20 °C
in the warm season, except the Siauliai WWTP where the high-
est temperature of wastewater does not reach 18 °C.

3. There is a moderately strong relationship between waste-
water temperature and total phosphorus concentration in the
effluent. The R-squared values vary between 0.5 and 0.8 in the
analysed WWTPs where nitrogen and phosphorus are removed
using different technologies.
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4. In the warm season when GAOs prevail in the system,
the BOD, / P-tot ratio in the influent is very important for the
efficient removal of phosphorus. However, the concentration of
total phosphorus can be predicted from the BOD, / P-tot ratio
in the influent in the warm season only when the ratio increases
above 30. A moderately strong relationship was found between
the concentration of total phosphorus and the BOD, / P-tot ratio
in the influent in the warm season and a weak relationship be-
tween the above parameters in the cold season.

5.To ensure an efficient biological phosphorus removal from
wastewater in the warm season in Lithuania, it is necessary to
investigate more thoroughly the impact of technological and
maintenance parameters on biological phosphorus removal.
Investigation of these parameters is the aim of further experi-
ments.
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Regimantas Dauknys

TEMPERATUROS JTAKA BIOLOGINIAM FOSFORO
SALINIMUI IS NUOTEKU LIETUVOJE

Santrauka

Siekiant i$vengti eutrofikacijos vandens telkiniuose, batina i§ nuoteky
Salinti azotg ir fosfora. Biologinis fosforo alinimas (BPS) aktyviojo
dumblo sistemoje yra ekonomiskas budas $alinti fosfora i§ nuoteky.
Taciau $iam procesui turi jtakos keletas veiksniy, kurie turi bati jver-
tinti, siekiant uztikrinti stabiliai efektyvy biologinio fosforo $alinimo
procesa. Vienas veiksniy, netiesiogiai turintis jtakos BPS, yra valomy
nuoteky temperatira. Biologinj fosfora $alinina polifosfatus akumu-
liuojantys organizmai (PAO). Nagrinéjant mikroorganizmus fosforo
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$alinimo veikliojo dumblo sistemoje, nustatyta mikroorganizmy ra-
$is — glikogena kaupiantys organizmai (GAO), kurie konkuruoja dél
lakiyjy riebaly ragsciy (LRR), ta¢iau PAO naudodami LRR sukaupia
polifosfatus savo lastelése, tuo tarpu GAO nekaupia polifosfaty, o kaip
energijos $altinj naudoja glikogena. Taigi, kai sistemoje vyrauja GAO,
fosfatai nekaupiami ir fosforo $alinimo efektyvumas smarkiai suma-
z¢ja. GAO augimui fosforo $alinimo veikliuoju dumblu sistemoje turi
jtakos $ie veiksniai: 1) GAO yra mezofiliniai mikroorganizmai, todél
optimali jy augimo temperatiira yra 20-38°C. Todél sezoniskai krintant
nuoteky temperatiirai, mazéja GAO ir padidéja fosforo $alinimo efekty-
vumas; 2) ilgas dumblo amZius $iltuoju mety laikotarpiu.

Sio darbo tikslas buvo i$nagrinéti BES i§ nuoteky Lietuvoje, jverti-
nant temperataros jtaka. Atlikus penkiy nuoteky valykly darbo analizg,
nustatyta, kad Lietuvoje $iltuoju mety laikotarpiu valomy nuoteky tem-
peratara pasiekia 20°C ir i$silaiko 3-4 ménesius, o palaikomas dumblo
amzius kinta nuo 16 iki 30 pary, todél susidaro palankios salygos GAO
populiacijai augti. Lietuvos didZiyjy miesty nuoteky valyklose $iltuoju

mety laikotarpiu padidéja BP koncentracija valytose nuotekose, i§sky-
rus Siauliy valykla, kurioje auki¢iausia nuoteky temperatira nesiekia
18°C. Nustatyta, kad egzistuoja vidutinis valomy nuoteky temperatiros
ir BP koncentracijos valytose nuotekose koreliacijos rysys, koreliacijos
koeficiento kvadratas nagrinéjamose valyklose, kuriose azotas ir fosfo-
ras $alinami naudojant skirtingas technologijas, kinta nuo 0,5 iki 0,8.
Nustatyta, kad Siltuoju mety laikotarpiu, kai sistemoje vyrauja GAO
bakterijos, efektyviam BFS ypa¢ svarbus BDS, / BP valomose nuote-
kose. Ta¢iau BP koncentracija valytose nuotekose galima prognozuoti
pagal BDS, / BP valomose nuotekose $iltuoju mety laikotarpiu tik tuo
atveju, kai BDS_/ BP pakyla >30. Nustatytas vidutinis BP koncentra-
cijos valytose nuotekose ir BDS,/BP valomose nuotekose koreliacijos
ry8ys $iltuoju mety laikotarpiu, tuo tarpu $altuoju metu minétas rysys
nenustatytas.

Raktazodziai: biologinis fosforo $alinimas, polifosfatus akumuliuo-
jantys organizmai, glikogeng akumuliuojantys organizmai, lakiosios
riebaly ragstys



