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• Anammox is strongly temperature de-
pendent process.

• The temperature dependence of
anammox cannot be described by a
single equation.

• Ratkowsky equations describe the
anammox activity in the entire tem-
perature range.

• Ratkowsky equations cannot describe
the temperature dependence at lower
temperatures.

• The generalized temperature equation
improves predictions at low tempera-
tures (10–15 °C).
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Temperature is a key operational factor influencing the anammox process kinetics. In particular, at temperatures
below 15 °C, the specific anammox activity (SAA) considerably decreases. This study aimed to describe the tem-
perature dependence of the anammox process kinetics in the temperature range from 10 to 55 °C, including the
specific characteristics of “cold anammox”. The commonly used Arrhenius and extended and modified
Ratkowsky equationswere examined. The Ratkowsky equations yielded a strong correlation (coefficient of deter-
mination, R2 = 0.93–0.96) between the measured and predicted data over the analyzed temperature range
(10–55 °C). However, these equations could not correctly reflect the anammox temperature dependence at tem-
peratures below 15 °C (R2 = 0.36–0.48). Therefore, a new generalized temperature model was proposed. The
generalized temperature equation (GTE) considered the division of the analyzed temperature range into three
temperature ranges: 10–15 °C, 15–35 °C and 35–55 °C. The ranges correspond to “cold anammox”, “(low)
mesophilic anammox” and “thermophilic anammox”. The applied approach yielded a strong correlation between
the measured and predicted SAA (R2 = 0.97) over the temperature range from 10 to 55 °C and over the
low-temperature range from 10 to 15 °C (R2= 0.99). Overall, the GTE could enhance the predictions of the tem-
perature dependence of the anammox process kinetics. The GTE can help examine anammox-based bioaugmen-
tation systems operating at both high temperatures (sidestream reactors) and low temperatures (mainstream
reactors).
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Abbreviations

Anammox anaerobic ammonium oxidation
AOB ammonium oxidizing bacteria
NOB nitrite oxidizing bacteria
OHO ordinary heterotrophic organisms
SAA specific anammox activity, g N (g VSS·d)−1

SAAref reference specific anammox activity, %
MREi modified Ratkowsky equation
EREi extended Ratkowsky equation
GTEi generalized temperature equation
DO dissolved oxygen concentration, mg O2/L
HRT hydraulic retention time, d
SRT sludge retention time, d
NLR nitrogen loading rate, kg N m−3 d−1

NRE nitrogen removal efficiency, %
SBR sequencing batch reactor
UAB upflow anaerobic biofilter/bioreactor
MBR membrane bioreactor
ICR internal circulation reactor

Symbols
T temperature, K
μ specific growth rate of anammox bacteria, d−1

Ea activation energy, kJ mol−1

R gas constant, J (mol·K)−1

A pre-exponential factor in the Arrhenius equation,−
Θ temperature coefficient, −
b1,2 fitting parameter in the Ratkowsky equations, K−1 d-0.5

c1,2 fitting parameter in the Ratkowsky equations, K−1

Subscripts
i temperature range, °C
min minimum value
max maximum value
1 parameter in the ERE
2 parameter in the MRE
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1. Introduction

Temperature is a key operational factor that considerably influences
the rate of biochemical processes. However, maintaining the optimal
temperature range may result in additional operational costs in
wastewater treatment processes. To improve the energy efficiency of
wastewater treatment plants (WWTPs), conventional nitrification-
denitrification processes can be replaced by alternative technologies
based on anaerobic ammonium oxidation (anammox). Anammox-
based technologies are mainly used to realize nitrogen removal from
wastewaterwith high concentrations of ammoniumnitrogen and a def-
icit of organic carbon, such as effluents from anaerobic digesters and in-
dustrial wastewater streams. Despite numerous attempts, until now,
this technology has not been applied in mainstreamWWTPs. A notable
challenge to the mainstream implementation of anammox-based tech-
nologies pertains to the low temperatures and seasonal temperature
variations in municipal wastewater compared to the high and stable
temperatures (~30 °C) involved in sidestream processes (Ali and
Okabe, 2015; Cao et al., 2017; Hoekstra et al., 2019).

Although the optimum temperature for the growth and activity of
anammox bacteria ranges from 35 to 40 °C (Strous et al., 1999; Isaka
et al., 2008), these microorganisms can exist in natural ecosystems at
both low (from −5 to 4 °C) and high (from 60 to 80 °C) temperatures
(Cho et al., 2020). The occurrence of anammox bacteria over a wide
temperature range indicates the potential of their use in various types
of wastewater treatment systems. In recent years, numerous studies
2

have reported on the anammox activity and possibility of operation of
laboratory scale anammox reactors at extremely low temperatures
(5–15 °C). Anammox performed at such temperatures is referred to as
“cold anammox”. These observations confirm that the process can not
only be applied in sidestream but also in mainstream treatment sys-
tems. Therefore, certain recent studies focused on the intensification
of the anammox activity at low temperatures (De Cocker et al., 2018;
Straka et al., 2019; Kouba et al., 2019). The temperature dependence
of the specific anammox activity (SAA) has been determined over a
wide temperature range (10–55 °C) through both short- and long-
term experiments (Dosta et al., 2008; Lotti et al., 2015; Sobotka et al.,
2016; Park et al., 2017). According to the experiment results, the influ-
ence of the temperature on the SAA follows the trend described by the
Arrhenius equation, albeit with a sharper decline at temperatures
below 15 °C. Moreover, certain studies reported that at high tempera-
tures (45–55 °C), the SAA was inhibited owing to the lysis of bacterial
cells (Dosta et al., 2008; Isanta et al., 2015; Sobotka et al., 2016).

Mathematicalmodels and simulations are being increasingly used to
describe, predict and control anammox-based systems. In the literature,
anammox-based systems have beenmodeled considering different fac-
tors, including temperature (Hao et al., 2002; Zhu et al., 2017), nitrogen
content (De Pra et al., 2016), dissolved oxygen (DO) content (Seuntjens
et al., 2018), chemical oxygen demand (Hao and van Loosdrecht, 2004)
and granularflotation (Tan et al., 2020). The process temperature exerts
a direct impact on the anammox process kinetics and an indirect impact
on the properties of anammox granules, e.g. the granule settling velocity
(Shi et al., 2017; Zhu et al., 2017).

The effect of temperature on the activity of microorganisms (e.g.,
bacteria, archaea, fungi) is commonly described using two mathemati-
cal equations. The Arrhenius equation reflects the positive correlation
between the SAA and temperature. Although this approach is simple,
the general applicability is low. In contrast, the Ratkowsky equation is
a basic approach that is used to describe the temperature dependence
in situations in which the increasing temperature exerts a negative ef-
fect on the microbial activity. This equation can be expressed in two
forms, namely, the extended Ratkowsky equation (ERE) and modified
Ratkowsky equation (MRE). Both the ERE and MRE have been success-
fully used (R2 > 0.97) to describe the effect of temperature on the
growth rate and activity of various microorganisms in different temper-
ature ranges, e.g., soil bacteria (0–26 °C) (Nicola and Bååth, 2019;
Nottingham et al., 2019), marine bacteria (5–35 °C) (Yi et al., 2005;
van Gestel et al., 2020), and pathogenic bacteria (10–47 °C) (Juneja
et al., 2009). The literature involves various studies on the anammox pro-
cess kinetics, describing the influence of temperature on the SAA over
wide temperature ranges. However, the current methods to describe
this relationship cannot accurately reflect the differences in the tempera-
ture dependence of the anammox process at temperatures below 15 °C.

In this study, a novel approach was applied to describe the tempera-
ture dependence using a combination of the Arrhenius and Ratkowsky
equations over three temperature ranges: 10–15 °C, 15–35 °C and
35–50 °C. The newgeneralized temperature dependencemodel is univer-
sal as itwasdevelopedbasedonextensivedata fromthe literature, includ-
ing results from different reactor types, operational conditions, and feed
composition. The proposed approach could accurately describe the tem-
perature dependence of the anammox process kinetics in a wide range
of temperatures, corresponding to both sidestream andmainstream con-
ditions. This knowledge can facilitate the successful operation of bioaug-
mentation systems implementing anammox at both high temperatures
(sidestream reactors) and low temperatures (mainstream reactors).

2. Materials and methods

2.1. Experimental data

Asmentionedpreviously, the effect of temperature on the SAAwas in-
vestigated in short- and long-term experiments conducted by Sobotka
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et al. (2016). The short-term experimentswere conducted in two parallel
4 L batch reactors equipped with an automatic temperature control sys-
tem and probes to realize the online monitoring of pH, DO and tempera-
ture. The anammox biomass originating from a laboratory scale
anammox reactor operated at 30 °Cwas used. Ten different temperatures
ranging from 10 to 55 °C (in intervals of 5 °C) were considered. The ex-
periments were conducted under anoxic conditions in the presence of
NH4-N andNO2-N. The initial NH4-N andNO2-N concentrations in the ac-
tivity tests were approximately 30mg NH4-N L−1 and 40mg NO2-N L−1,
respectively. Samples to analyze the nitrogen forms (NH4-N, NO2-N, NO3-
N)were collected from the reactor at a frequency of 30min. Based on the
measured data, the SAAwas determined for each examined temperature.

Due to the negative influence of low temperatures on the activity of
anammox bacteria, as well as the natural ability of the bacteria to adapt
to adverse environmental conditions, a comprehensive investigation on
the influence of temperature on “cold anammox” was performed
through a long-term experiment. The experiment was conducted in a
10 L sequencing batch reactor (SBR) and lasted 180 d. The SBR was
fed with a synthetic autotrophic medium with a composition similar
to sludge digester liquors (Dapena-Mora et al., 2004). The nitrite to am-
moniummolar ratio in the feedingmedia varied from 1.0 (at the lowest
temperatures, 11 and 12 °C) to 1.3 (at temperatures ranging from 15 to
30 °C). The long-term experiment was divided into seven phases, in
which the SBR operated at a temperature of 30, 20, 15, 14, 13, 12 and
11 °C. At each examined temperature, the SAA was determined three
times perweek. At temperatures below15 °C, reducing the temperature
by 1 °C resulted in unstable reactor operation. The effect of adaptation of
anammox bacteria to lower temperatureswas determined by averaging
the measured SAA at a specific temperature over a period of several
days of the stable operation at that temperature.

In addition, the literature data from 11 studies on the effect of tem-
perature on the SAA were used to evaluate the temperature depen-
dence model for anammox. The results clarified the corresponding
temperature dependence in various reactors, i.e., with suspended bio-
mass, granular biomass and hybrid systems. These systems are briefly
characterized in Table 1.
Table 1
Summary of the reported studies on the temperature dependence of anammox in different nit

Reactor Biomass/Dominant anammox genus O

SBR Granular biomass, biofilm/ Ca. K. stuttgartiensis
pH
H

UABa Immobilized biomass/ Ca. B. sinica O
SBR Granular biomass/− pH

SBR Suspended biomass/ Ca. Jettenia
pH
N
kg

MBR Immobilized biomass/ Ca. B. sapporoensis
pH
H
SR

– Ca.B. anammoxidans, Ca. Scalindua species N

UABa Hybrid (suspended and immobilized biomass)/ Ca. K. stuttgartiensis

O
pH
H
N

SBR Granular biomass/−
O
pH
H

SBR Suspended biomass/ Ca. B. fulgida
O
pH
St

ICRb Granular biomass/ Ca. B. fulgida N

UABa Granular biomass/−
O
pH
H

MBRc Immobilized biomass/ Ca. Scalindua N

a Upflow anaerobic biofilter/bioreactor.
b Internal circulation reactor.
c Membrane bioreactor.

3

2.2. Equations describing the temperature dependence of anammox

The relationship between the chemical reaction rate and tempera-
ture is often described using the following form of the Arrhenius equa-
tion:

ln μ ¼ −Ea
R∙T þ lnA

ð1Þ

where μ is the specific growth rate of anammox bacteria at temperature
T (in K), Ea is the activation energy (kJ mol−1), R is the gas constant
(8.314 J K−1 mol−1), and A is the “pre-exponential factor”. The Arrhe-
nius equation is commonly used to describe the relationship between
biochemical process rates and temperature in situations in which an in-
crease in the temperature does not inhibit the process. In the modeling
of biochemical processes, the following simplified form of Eq. (1) is of-
ten used:

μT1
¼ μTref

∙θ T1−Trefð Þ ð2Þ

where μT1 and μTref are the specific growth rates at the analyzed (T1) and
reference (Tref) temperatures (°C), respectively, and θ is the dimension-
less temperature dependence coefficient.

Furthermore, high temperatures lead to process inhibition, and the
effect of temperature on the process rate can be modeled using the
ERE (Ratkowsky et al., 1983):.

μ ¼ b1∙ T−T min ,1
� �

∙ 1− exp c1 T−T max ,1ð Þð Þð Þ� �2 ð3Þ

where Tmin,1 (K) and Tmax,1 (K) are the minimum and maximum
growth temperatures, respectively, b1 is the regression coefficient
of the square root of the growth rate constant vs. temperatures
(K) below the maximum temperature, Tmax,1 (K), and c1 is an addi-
tional empirical parameter that allows the model to fit the data for
temperatures above the optimal temperature (Ratkowsky et al.,
1983).
rogen removal systems.

perational conditions Temperature, °C Reference

Enrichment SAAmax

: 7.0–8.0
RT: 1 d

30 40 Dosta et al., 2008

perated in the dark 37 40 Oshiki et al., 2011
: 7.5 35 40 Zhu et al., 2017
: 7.8 ± 0.3

LR: 0.408 ± 0.086
N m−3 d−1

31.6 ± 0.9 40 Tomaszewski et al., 2017

: 6.9–7.5
RT: 1 d
T: 60 d

20–25 37 Narita et al., 2017

o data 32–35 35 Kocamemi et al., 2016
peration time: 1000 d
: 7.2

RT: 9.6–4.0 h
LR: 1.2 kg N m−3d−1

35 35 Park et al., 2017

peration time: 262 d
: 7.5

RT: 3 h
35 35 Li et al., 2018

peration time: 345 d
: 7.3
irrer: 200 rpm

30 35 Hu et al., 2013

o data 30–35 30 Lotti et al., 2015
peration time: 1000 d
: 7.2

RT: 9.6–4.0 h
20 30 Park et al., 2017

o data 28 30 Awata et al., 2013
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The ERE describes the growth rates around the optimum tempera-
ture in the range constrained by Tmin,1 and Tmax,1. Usually, the estimated
value of Tmin is 2 to 3 °C lower than the actual minimum temperature at
whichgrowth is observed (McMeekin et al., 1993). However, at temper-
atures above Tmax,1, Eq. (3) predicts positive growth rates, and thus, this
equation cannot be applied for temperatures higher than Tmax,1.

Modifications to the Ratkowsky equation were proposed by
Zwietering et al. (1991) (Eq. (4)). In this case, the decreased micro-
bial growth rates at temperatures higher than Tmax,2 were expressed
in terms of the exponential function, and thus, the extrapolation of
Tmax,2 did not lead to positive growth rate predictions.

μ Tð Þ ¼ b2∙ T−T min ,2
� �� �2∙ 1− exp c2 T−T max ,2ð Þð Þð Þ ð4Þ

Here, b2 and c2 are defined in a similar manner as b1 and c1, respec-
tively, in Eq. (3).

2.3. Estimation of model parameters

In general, the Arrhenius and Ratkowsky equations contain un-
known parameters (Table 2). To estimate these parameters, the gener-
alized reduced gradient (GRG) nonlinear solving method (Frontline
System, Inc., Incline Village, NV) was adopted. The GRG method, based
on the generalized reduced gradient (GRG2) code, is often used for non-
linear optimization. Themost accurate results are obtained for a smooth
nonlinear function having a smooth (possibly curved) graph with no
sharp ‘breaks’. In the GRG solver methodology, the gradient or slope of
the objective function is evaluated under variations in the decision var-
iables (or input values) until the optimal solution is reached (the partial
derivatives becomezero). In the present study, the sumof the squares of
the error (SSE) between the function and the fitted experimental data
was minimized as follows:

∑ YTn−f xð ÞTn

� �2
¼ SSE ð5Þ

where YTn is the experimental observation (i.e., SSA) at a given temper-
ature, and f(x)Tn is the predicted value at that temperature.

The GRG nonlinear solving method enables optimization under
constraints. In the present study, the examined temperature range
(10–55 °C) was divided into three narrower intervals (10–15 °C,
15–35 °C and 35–55 °C). These intervals were chosen based on the
specific temperature conditions reported in the literature (Zekker
et al., 2015; Kouba et al., 2019; Vandekerckhove et al., 2020),
pertaining to “cold anammox”, “(low) mesophilic anammox” and
“thermophilic anammox”, respectively. In this manner, additional
implicit constraints were established for solutions to the examined
models (Table 2). The Arrhenius equation was used to describe the
anammox temperature dependence in two ranges (10–15 and
15–35 °C). In each range, a different μTref value was used. In general,
the μTref value can be considered to be linked to the highest SAA
Table 2
Examined temperature models, parameters and implicit constraints used in the present
study.

Equation Parameters Constraints

Arrhenius Θ, A, Ea
μTref (10–15) = μ15
μTref (15–35) = μ35

Extended Ratkowsky b1, c1, Tmin,1, Tmax,1, Tmin≤ Tmax

μ15 (10–15) = μ15 (15–35)

μ35 (15–35) = μ35 (35–55)
Modified Ratkowsky b2, c2, Tmin,2, Tmax,2

Generalized model
(this study)

Θ, A, Ea, b1, b2, c1, c2, Tmin,1, Tmin,2,
Tmax,1, Tmax,2

μTref (10–15) = μ15
μTref (15–35) = μ35
μ15 (10–15) = μ15 (15–35)

μ35 (15–35) = μ35 (35–55)

Tmin≤ Tmax

4

obtained in the analyzed temperature range. For the two Ratkowsky
equations, the four parameters (b, c, Tmax and Tmin) were estimated
separately.

3. Results and discussion

3.1. Effect of the temperature on the anammox process rate

The nitrogen removal efficiency (NRE) and SAA obtained in our ex-
periments are summarized in Table Supplement 1. The highest SAA
(1.19 g N (g VSS·d)−1) was observed at a temperature of 40 °C, while
the lowest SAA (0.01 g N (g VSS·d)−1) occurred at both the extreme
temperatures in the analyzed range (i.e., 10 and 55 °C). At the lowest
temperature (10 °C), the activity of anammox bacteriawas considerably
inhibited, although this inhibitionwas reversible. In contrast, during the
test conducted at 55 °C, an irreversible loss in the activity of anammox
bacteria was obtained, resulting from the lysis of the anammox bacteria
cells. In the typical temperature range for the anammox process, i.e.,
30–40 °C, the SAA remained in the range of 0.87–1.19 g N (g
VSS·d)−1. An increase of 5 °C in the temperature above 40 °C led to a de-
crease of nearly 50% in the activity of anammox bacteria. Ultimately, the
activity decreased to only 0.32 g N (g VSS·d)−1 at 50 °C.

Numerous studies have confirmed that the optimum process tem-
perature at which the maximum SAA (SAAmax) is attained is 40 °C
(Dosta et al., 2008; Oshiki et al., 2011; Ali and Okabe, 2015; Zhu et al.,
2017; Tomaszewski et al., 2017; Narita et al., 2017) (Table 3). However,
in other studies, SAAmax occurred at 35 °C (Hu et al., 2013; Kocamemi
et al., 2016; Park et al., 2017; Li et al., 2018) and even 30 °C (Lotti
et al., 2015; Awata et al., 2015; Park et al., 2017). The lowest reference
anammox activity (SAA ref = 2.4–10% of SAAmax) was observed at a
temperature of 5 °C (Oshiki et al., 2011; Ali and Okabe, 2015; Lotti
et al., 2015; Narita et al., 2017; Li et al., 2018). At that temperature, the
highest SAA value of 10% SAAmax in the MBR with Ca. B. sapporoensis
as the dominant anammox genus was reported by Narita et al. (2017).
The relatively high SAA value likely resulted from the high 16S rRNA
gene similarity of Ca. B. sapporoensis to that of Ca. Brocadia fulgida
(96%) and Ca. Brocadia sinica (93%), which often occurs at mainstream
temperatures (Park et al., 2017; Nejidat et al., 2018).

Moreover, a negative but reversible effect of both low and high tem-
peratures on the anammox activity was observed by Zhu et al. (2017)
and Isaka et al. (2008), respectively. In the investigation of the
short-term effect of temperature on the SAA, Zhu et al. (2017) observed
inhibition of the anammox activity at a temperature of 10 °C and its sub-
sequent recovery after raising the temperature from 10 to 35 °C. Isaka
et al. (2008) recorded a reversible loss of anammox activity at 45 °C
and almost complete recovery of the SAA after the cooling of the bio-
mass. Furthermore, the complete and irreversible inhibition of the
anammox activity by high temperatures was noted by Dalsgaard and
Thamdrup (2002), Dosta et al. (2008) and Kocamemi et al. (2016). An
irreversible loss of the anammox activity due to cell lysis was observed
at temperatures of 55 °C (Sobotka et al., 2016) and 45 °C (Dosta et al.,
2008). Furthermore, the complete inhibition of the anammox activity
at 45 °C was reported by Kocamemi et al. (2016). A lower maximum
temperature led to the total loss of the anammox activity at 37 °C, as in-
dicated byDalsgaard and Thamdrup (2002), who examinedmarine bot-
tom sediments. This phenomenon occurred due to the considerably
lower process temperature of marine anammox bacteria.

3.2. Description of the temperature dependence of the anammox process

The models describing the temperature dependence use specific
ranges, and the prediction effectiveness (expressed in terms of R2) is
summarized in Table 4. Since the anammox process is commonly con-
ducted at a temperature close to the optimal temperature, the temper-
ature dependence is often described using the Arrhenius equation (Lotti
et al., 2015; Xing et al., 2015; Park et al., 2017; Tomaszewski et al., 2017;

http://mostwiedzy.pl


Table 3
Short-term effects of temperature on the relative SAA reported in the literature.

Enrichment temp.
(°C)

SAAref (%) at a specific temperature SAA (100%) (unit) Dominant anammox
genus

Reference

5 °C 10 °C 15 °C 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 55 °C

30 – 5.0 12.0 17.0 21.0 33.0 48.0 100 62.0 – – 0.42 gN (g VSS d)−1 Ca.K. stuttgartiensis Dosta et al., 2008
37 7.0 – 21.0 – 44.0 69.0 94.0 100 57.0 49.0 4.0 0.072 kgN m−3 d−1 Ca. B. sinica Oshiki et al., 2011
30 – 2.5 17.5 36.4 57.5 80.4 100 – 48.4 – – – Ca. B. fulgida Hu et al., 2013
30–35 2.4 20.2 44.6 72.3 – 100 – – – – – 0.559 g N (g VSS d)−1 Ca. B. fulgida Lotti et al., 2015

32–35 – – 22.0 31.0 53.0 65.0 100 24a – – –
0.049 g N2-N (mg
VSS·d)−1

Ca.B. anammoxidans
Ca. Scalindua species

Kocamemi et al.,
2016

35 – 7.0 9.1 18.5 36.7 67.2 100 – – – – 0.101 g N (g VSS d)−1 Ca. K. stuttgartiensis
Park et al., 201720 – 16.2 27.5 43.5 74.6 100 65.6 – – – – – –

20 – 13.4 20.2 47.7 100 39.2 33.1 – – – – – –
35 – 0 6.0 32.0 56.0 80.0 100 100 60.0 2.0 – 0.5 g NH4-N (g TSS d)−1 – Zhu et al., 2017

31.6 ± 0.9 – 4.0 20.0 26.0 46.0 58.0 71.0 100 – – – – Ca. Jettenia
Tomaszewski et al.,
2017

37 10.0 5.0 – – 44.0 – – 100 84.0 – – – Ca. B. sapporoensis Narita et al., 2017
35 4.0 8.0 16.0 31.0 55.0 82.0 100 – – – – 0.092 g (g d)−1 – Li et al., 2018

28 – 12.3 30.1 67.8 88.8
100b

70.3
5.8 1.8 – – –

3.5 μmol-29N2 (vial
d)−1 Ca. Scalindua Awata et al., 2013

30 – 1.0 21.0 30.0 45.0 73.0 79.0 100 55.0 27.0 1.0 1.19 g N (gVSS d)−1 Ca. Brocadia Sobotka et al., 2016

a T = 39 °C.
b T = 28 °C.
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Hoekstra et al., 2018; Kouba et al., 2019). A previous study (Sobotka
et al., 2016) indicated that a single regression line could not accurately
describe the effect of temperature on the anammox process. Similar ob-
servations were also reported by Lotti et al. (2015) and Tomaszewski
et al. (2017). In both cases, the R2 value obtained for the entire consid-
ered temperature rangewas below 0.9, suggesting an unsatisfactory de-
scription of the temperature dependence by a single regression line.
Tomaszewski et al. (2017) obtained a higher R2 for linear regression of
the data set after dividing the entire analyzed temperature range
(10–40 °C) into two subranges (10–20 and 20–40 °C). In many studies,
the interval between the considered temperatures was set as 5 °C
(Table 3), and thus, the change in the SAA trend could not be precisely
observed. Consequently, the necessity to separately describe the tem-
perature dependence of the anammox process at low temperatures
has often been overlooked.

The effect of temperature on the anammox bacteria in a wide tem-
perature range was investigated by Oshiki et al. (2011) (5–55 °C) and
Zhu et al. (2017) (15–50 °C); however, only Zhu et al. (2017) examined
all the equations, i.e., the Arrhenius (10–35 °C), ERE and MRE
(10–50 °C).

3.2.1. Complete temperature range (10–55 °C)
The temperature dependence of the anammox process in the tem-

perature range from 10 to 55 °C was described using the ERE (3) and
Table 4
Overview of the literature data on the models describing the temperature dependence of the g

Model Temperature range, °C Measure of a

Arrhenius equation 9–25 SAA
Arrhenius equation 10–30 SAA
Arrhenius equation 10–35 SAA
Arrhenius equation 10–40 SAA

Arrhenius equation
10–20
20–40
10–40

SAA

Arrhenius equation 20–30 SAA
Arrhenius equation 10–30 SAA
Arrhenius equation 10–35

SAAMRE
10–50

ERE
MRE 15–50 Growth of ni
ERE −10 to 70 Bacterial gro
MRE 10–47 Growth rate
MRE 0–26 Bacterial gro

nd – not determined.

5

MRE (4) and is referred to as ERE10–55 andMRE10–55 henceforth, respec-
tively. The results of parameter estimation are summarized in
Table Supplement 2. The extreme temperatures (Tmin, Tmax) were simi-
lar, i.e., (5.1 and 54.1 °C) vs. (6.0 and 54.3 °C), respectively, in ERE10–55
and MRE10–55.

The temperature dependence of anammox is illustrated in
Fig. 1A. The equations can accurately describe the dependence
(Fig. 1B), with a slightly higher coefficient of determination
(R2 = 0.97 vs. 0.93) for ERE10–55. However, when only the low tem-
perature range (10–15 °C) was considered, both the equations
yielded an inaccurate description (R2 = 0.36–0.49) of the temper-
ature dependence (Fig. 1C). Therefore, a separate description of the
temperature dependence for the low temperature range was pro-
posed in the present study.

The temperature dependence of anammox in a wide temperature
range (10–55 °C) was previously described by Zhu et al. (2017). The
authors simulated the effect of temperature on the SAA in a wide
temperature range by using three models: ERE, MRE, and cardinal
temperature model with inflection (CITM). All the models were
characterized by a high correlation (R2 > 0.988), with the highest
R2 value (0.995) obtained using the ERE. However, due to the lack
of SAA measurements at temperatures between 10 and 15 °C, Zhu
et al. (2017) did not investigate the change in the SAA path at low
temperatures.
rowth rate or activity of different bacterial species.

ctivity R2 Reference

nd Xing et al., 2015
<0.9 Lotti et al., 2015
nd Park et al., 2017
nd Dosta et al., 2008
0.94
0.99
0.89

Tomaszewski et al., 2017

nd Hoekstra et al., 2018
0.9519 Kouba et al., 2019
nd

Zhu et al., 20170.9886
0.9949

trifiers nd Van Hulle, 2007
wth nd Ratkowsky et al., 1983
of Salmonella 0.986–0.990 Juneja et al., 2009
wth in soil 0.978 Nicola and Bååth, 2019
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Fig. 1. Temperature dependence of the anammox process in the entire temperature range (10–55 °C): A) Description using the ERE andMRE; B) Comparison of the measured SAAref and
predictions in the entire range; C) Comparison of themeasured SAAref and predictions at low temperatures (10–15 °C); D) Comparison of themeasured SAAref and predictions atmoderate
temperatures (15–35 °C) (Typical temperatures ranges for mainstream and sidestream systems are shown in Fig. 1A).
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3.2.2. Low temperatures (10–15 °C)
In the new approach to describe the temperature dependence of

anammox at low temperatures, the traditional Arrhenius equation
was used with T = 15 °C as the reference temperature. The estimated
temperature coefficient (θ) was 1.676.

This relationship is shown in Fig. 2A along with the experimental
data. Predictions with a significantly higher accuracy were obtained
(R2 = 0.989) using this method than those obtained using both the
Ratkowsky equations (R2 = 0.36–0.49). These results suggest that the
Arrhenius equation can serve as the base equation to describe the tem-
perature dependence of anammox at low temperatures (<15 °C).

Most studies on the effects of low temperatures on the SAA consid-
ered only two temperatures, i.e., 10 and 15 °C (Table 3). Therefore, ex-
cept for those reported by Sobotka et al. (2016), no data are available
regarding the temperature dependence of anammox at temperatures
between 10 and 15 °C. Thus, the results of Sobotka et al. (2016) were
compared with similar data from Lotti et al. (2015), who investigated
the anammox activity in three different wastewater treatment systems
(internal circulation reactor in Dokhaven, airlift reactor in Olburgen,
MBR), after normalization at T = 30 °C (Fig. 3). The line (solid and
dashed for the temperature range 15–30 °C and 10–15 °C) represents
6

the Arrhenius equation using T = 30 °C as the reference temperature
and an activation energy (Ea) equal to 65.7 kJ mol−1. The obtained
SAA trend was similar in both studies, including that for the range
10–15 °C. Lotti et al. (2015) noted that the Arrhenius model predictions
were correct only in the temperature range of 15–35 °C. Moreover, the
authors emphasized that the Arrhenius model could not be reliably
used at temperatures lower than 15 °C. The detailed data from
Sobotka et al. (2016) indicated deviations from a general Arrhenius
equation for the temperature range of 10–15 °C. Therefore, the temper-
ature dependence of “cold anammox” must be described separately.

3.2.3. Adaptation of the anammox biomass to low temperatures and
resulting temperature dependence relationship

Adaptation is a natural phenomenon among bacteria, and the adap-
tation of anammox bacteria tomainstream temperatures has been stud-
ied, e.g., at 15 °C (Dosta et al., 2008), 12 °C (Hu et al., 2013; Sobotka et al.,
2016), 10 °C (Lotti et al., 2015; Li et al., 2018; De Cocker et al., 2018) and
9 °C (Jin et al., 2013). Based on the literature data, it can be inferred that
the adaptation of the anammox biomass to a temperature lower than
the process temperature can enhance the N removal efficiency in the
system. Dosta et al. (2008) first demonstrated the positive effect of
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Fig. 2. Temperature dependence of the anammox process at temperatures ranging from 10 to 15 °C: A) Description using the Arrhenius equation; B) Comparison of measured SAAref and
predictions by the Arrhenius model.
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gradual adaptation. The observed SAA at T=15 °Cwasmore than three
times higher for the adapted biomass than that of the nonadapted
biomass.

Another method is to adapt the biomass directly to the target tem-
perature. Lotti et al. (2015) realized the adaptation of biomass originat-
ing from a one stage deammonification reactor operating at 30–35 °C to
temperatures of 20 and 10 °C. The results confirmed that the biomass
adapted to the lower temperature exhibited a lower sensitivity to the
temperature changes and higher SAA at low temperatures than those
for nonadapted sludge. In this case, the authors implemented a long-
term (8 and 6 months at 20 °C and 10 °C, respectively) adaptation of
the sludge to the target temperature.

While changing the operational temperatures in the anammox sys-
tems, the quantitative and qualitative compositions of the microbial
community may change. To date, seventeen species of anammox bacte-
ria have been discovered and described, which belong to five genera:
“Candidatus Kuenenia”, “Candidatus Brocadia”, “Candidatus Scalindua”,
“Candidatus Jettenia” and “Candidatus Anammoxoglobus” (Schmid et al.,
2005; Kartal et al., 2007, 2008). The literature data suggest that the
most common genera in anammox-based wastewater treatment sys-
tems are Ca. Kuenenia and Ca. Brocadia. He et al. (2018) analyzed the ef-
fects of temperature on anammox performance and community
structure. In the course of reducing the temperature in the lab scale
anammox upflow anaerobic sludge blanket (UASB) reactor from 33 to
13 °C, the authors observed an increase in Ca. Kuenenia abundance,
Fig. 3. Comparison of the results of temperature influence on SAA obtained by Sobotka
et al. (2016) and Lotti et al. (2015).

7

ranging from approximately 2 to 55% of the total microbial community.
Moreover, domination of Ca. Kuenenia at lower temperatures (20 °C and
below) was observed by Taotao et al. (2015). De Cocker et al. (2018)
compared two long-term-operated anammox SBRs. In the first reactor,
the temperature was constant (30 °C), while in the second reactor, the
temperature was gradually decreased from 30 to 10 °C. The authors ob-
served a switch from Ca. Brocadia to Ca. Kuenenia at low temperatures.
Moreover, Li et al. (2019) noted that seasonal temperature variations
(29–11 °C) in a UASB reactor caused a decrease in the Ca. Brocadia abun-
dance and a gradual increase in Ca. Kuenenia. The domination of Ca.
Brocadia in systems operating at higher temperatures has been widely
observed (Puyol et al., 2013; Laureni et al., 2015; Wang et al., 2017;
Pradhan et al., 2020). Nevertheless, Ca. Brocadia (especially Ca. Brocadia
flugida) appeared as the dominant anammox bacteria at ambient tem-
peratures, as reported by Hendrickx et al. (2014), Persson et al.
(2014), Lotti et al. (2014), Rodriguez-Sanchez et al. (2016), Sobotka
et al. (2016) and Zhang et al. (2020). The results obtained in these
studies indicated that the representatives of Ca. Brocadia can grow
at temperatures lower than originally assumed. Nevertheless, it
should be emphasized that the differentiation of Ca. Brocadia and
Ca. Kuenenia pertains to not only the temperature but also the dif-
ferent affinities of the bacteria for substrates (ammonium and ni-
trite) and the absence of oxygen inhibition and competition/
partnerships with other bacteria (AOB, NOB and OHO) (De Cocker
et al., 2018).

3.2.4. Medium temperatures (15–35 °C)
At ambient temperatures, the temperature dependence can be de-

scribed using all the considered equations (Arrhenius, ERE and MRE).
In this study, the same ERE and MRE as those adopted in the analysis
of the complete temperature range were used. As shown in Fig. 1D,
both ERE10–55 and MRE10–55 yielded a strong correlation between the
measured data and model predictions (R2 = 0.966–0.968). When
using the Arrhenius equation in the temperature range 15–35 °C, T =
35 °C was used as a reference temperature for the anammox process,
and the temperature coefficient was 1.066.

Fig. 4A shows the temperature dependence of the anammox process
in the medium temperature range, as obtained using the Arrhenius
equation. As shown in Fig. 4B, this equation could accurately describe
(R2 = 0.948) the temperature dependence of anammox at tempera-
tures between 15 and 35 °C.

For the anammox process in the temperature range 15–35 °C, the
calculated θ ranged from 1.066 (Sobotka et al., 2016) to 1.37 (Straka
et al., 2019). Gilbert et al. (2015) calculated θ for suspended, granular
and attached anammox biomasses after 10 weeks of adaptation to a
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Fig. 4. Temperature dependence of the anammox process in the temperature range from 15 to 35 °C: A) Description using the Arrhenius equation; B) Comparison of themeasured SAAref

and the value predicted by the Arrhenius model.
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temperature of 20 °C, and obtained values of 1.20 ± 0.09, 1.17 ± 0.07
and 1.14 ± 0.03, respectively.

3.2.5. Activation energy (Ea)
For the low and medium temperatures, at which the temperature

dependence was described using the Arrhenius equation, the Ea of the
anammox reaction was determined from the Arrhenius plot (Fig. 5).
The lowvalue of the coefficient of determination (R2=0.751) of the lin-
ear regression indicated that a single Ea could not be used. Therefore,
two Arrhenius regression lines were plotted from the data. The high de-
termination coefficient (R2 ≈ 0.98) of each regression line confirmed
the appropriateness of that approach. The Ea values in the two analyzed
temperature ranges were 448.4 kJ mol−1 (10–15 °C) and 50.5 kJ mol−1

(15–35 °C). These results showed that the Ea was almost 10 times
higher at low temperatures (10–15 °C) than that at medium tempera-
tures (15–35 °C), which indicated the higher sensitivity of the anammox
bacteria to the temperature in the analyzed temperature range. A similar
relationship, i.e., an increase in Ea with decreasing temperature was ob-
served in other studies (Isaka et al., 2008; Lotti et al., 2015; Tomaszewski
et al., 2017; Zhu et al., 2017; Li et al., 2018). A comparison of the Ea
values for the anammox reaction reported in the literature is presented
in Table 5. At low temperatures (10–15 °C), Ea remained in the range of
109 to 360± 140 kJmol−1 (Lotti et al., 2015; Li et al., 2018; Kouba et al.,
2019). The Ea obtained by Sobotka et al. (2016) at temperatures below
Fig. 5. Arrhenius plot for the anammox reactio

8

15 °C (Ea10–15°C = 448.4 kJ mol−1) was at least two times as high as
that noted by Lotti et al. (2015) (Ea0–15°C = 230.0 ± 8.3 kJ mol−1) and
Li et al. (2018) (Ea10–18°C = 109 kJ mol−1). This discrepancy was likely
a result of the differences in the inoculumbiomass used in the individual
studies and the rather narrow temperature range for which this value
was determined (entirely within the “discomfort zone” of anammox
bacteria). The Ea obtained at low temperatures was approximately
360 ± 140 kJ mol−1, as presented by Kouba et al. (2019). In both the
studies, the anammox genus was Ca. Brocadia. The Ea obtained in the
temperature range 15–35 °C (50.5 kJ mol−1) was lower than the corre-
sponding literature data for granular anammox sludge. Dosta et al.
(2008) reported an Ea value of 63 kJ mol−1 in the temperature range
of 10–40 °C. At medium temperatures (15–30/35 °C), the Ea of the
anammox reaction in the systems with granular biomass was reported
to range from 42 (Jin et al., 2013) to 83.1 kJ mol−1 (Lotti et al., 2015).
The relatively low value of Ea (50.5 kJ mol−1) obtained by Sobotka
et al. (2016) indicates a low sensitivity of the biomass to high tempera-
tures, whichwas observed during batch tests, in which a high activity of
anammox bacteria was observed in the temperature range of 35–50 °C
(SAAmax of 40 °C). The different literature data on Ea suggest that
anammox is not an elementary reaction but consists of different partial
reactions affecting the process rate, including the production of hydra-
zine from ammonia and hydroxylamine, oxidation of hydrazine to N2

and production of hydroxylamine by reducing NO2
−. Moreover, the
n at temperatures between 10 and 35 °C.

http://mostwiedzy.pl


Table 5
Comparison of Ea values for the anammox reaction, as reported in the literature.

Temperature range, °C Topt, °C Type of biomass/Species Ea,
kJ mol−1

References

10–15 nd Suspended 230.5 ± 8.3 Lotti et al., 2015
10–15 32 Suspended/Flocks/Ca. Brocadia 360 ± 140

Kouba et al., 201910–15 37 Granules/Ca. Brocadia 248
10–15 14 Immobilized/Biofilm/Ca. Brocadia 193
11–15 30 Granular/Ca. Brocadia 448.4 This study
10–18 nd Granular/nd 109 Li et al., 2018
10–20 nd Suspended 72 Hendrickx et al., 2012
10–25 25 Granular 107

Park et al., 201710–30 30 Granular 73
10–35 35 Granular 89
10–40 35–40 Immobilized 63

Dosta et al., 2008
10–40 35–40 Granular 63
15–20 Nd Suspended 104.9 ± 13.3 Lotti et al., 2015
15–25 35–40 Granular 95.9 Zhu et al., 2017
15–25 nd Suspended/Ca. Brocadia fulgida, Anammoxoglobus propionicus 72.4 Kwak et al., 2020
15–30 nd Suspended 83.1

Lotti et al., 2015
15–30 nd Granular 83.1
15–30 32 Suspended/Flocks/Ca. Brocadia 89 ± 20

Kouba et al., 201915–30 37 Granules/Ca. Brocadia 76 ± 26
15–30 14 Immobilized/Biofilm/Ca. Brocadia 78 ± 7
15–35 >35 Granular 43 Jin et al., 2013
15–35 35–40 Granular 69.5 Zhu et al., 2017
15–35 30 Granular/Ca. Brocadia 50.5 This study
18–35 nd Granular/nd 42 Li et al., 2018
20–25 nd Suspended 67.6 ± 7.1

Lotti et al., 2015
25–30 nd Suspended 46.6 ± 2.7
25–35 35–40 Granular 43.2 Zhu et al., 2017
25–35 nd Granular/nd 46 Li et al., 2018
20–35 nd Suspended/Ca. Kuenenia stuttgartiensis, Anammoxoglobus propionicus. 5.8 Kwak et al., 2020
20–43 nd nd 70 Strous et al., 1999
28–37 37 Immobilized/Ca. Kuenenia stuttgartiensis, Ca. Brocadia anammoxidans 93 Isaka et al., 2008

nd – no data
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dominant anammox bacteria may vary depending on the temperature,
especially in the lower ranges (Park et al., 2017). In addition to temper-
ature, Ea can be affected by several other factors, such as types of seed
culture, reactor types, variable levels of anammox enrichment and reac-
tor operating conditions (Kwak et al., 2020).

3.2.6. High temperatures (35–55 °C)
Under thermophilic conditions the temperature dependence can only

be described using both the Ratkowsky equations. To verify the results
obtained using ERE10–55 and MRE10–55, an additional set of Ratkowsky
equations for temperatures in the range of 35–55 °C was determined
Fig. 6. Temperature dependence of the anammox process in the temperature range 35–55 °C:
predicted by the ERE and MRE.

9

using Eq. (6). These equations, named ERE35–55 and MRE35–55, were de-
veloped based on the SAA results (Sobotka et al., 2016) for thermophilic
conditions and optimized to obtain the highest possible correlation be-
tween the measured data and model predictions.

μ35−55 ¼
533:5 T−297ð Þ 1−e 7:9∙10−5 T−327ð Þð Þ� �h i2

4:1 T−273ð Þ½ �2∙ 1−e 2∙10−4 T−328ð Þð Þ� �

8><
>:

ð6Þ

The results of the ERE andMRE parameter estimation in the temper-
ature range from 35 to 55 °C are summarized in Table Supplement 2.
A) Description using the ERE and MRE; B) Comparison of the measured SAAref and values
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The optimization of the Ratkowsky equations for only high tempera-
tures resulted in both cases exhibiting a slightly higher R2. The extrapo-
lated Tmin in ERE35–55 and MRE35–55 was 0.85 °C (273.00 K) and 24.9 °C
(297.03 K), respectively. The estimated Tmax was comparable in both
equations, i.e., 55.3 °C (327.47 K, ERE35–55) and 55.4 °C (327.50 K,
Fig. 7. Description of the anammox temperature dependence using the GTE (A) and compar
literature data with Topt = 40 °C (C) and Topt = 30–35 °C (E) using the GTE. Comparison of m
model predictions obtained using the GTE.

10
MRE35–55). The temperature dependence of the anammox process in
the temperature range from35 to 55 °C is graphically presented in Fig. 6.

Despite the growing interest in anammox conducted at thermophilic
conditions, the feasibility of this process remains unclear. Recently,
thermophilic anammox was investigated by Vandekerckhove et al.
ison of measured SAAref values and model predictions by the GTE (B). Description of the
easured literature values of SAAref with Topt = 40 °C (D) and Topt = 30–35 °C (F) and the
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(2020) by gradually increasing (0.05–0.07 °C d−1) the process temper-
ature from 38 to 48 °C. During this long-term adaptation, the tempera-
ture dependence of the process rate was described by a linear equation
using the least squares method, and it yielded an R2 value of 0.92.

3.2.7. Generalized temperature dependence model
Based on the results obtained for the entire temperature range, a

generalized temperature equation (GTE) is proposed:

μGTE ¼
μ15∙1:676

T−15ð Þ for T 10−15�Cð Þ
μ35∙1:066

T−35ð Þ for T 15−35�Cð Þ
77:9 T−297ð Þ 1−e 5:8∙10−5 T−327ð Þð Þ� �h i2

for T 35−55�Cð Þ

8>>><
>>>:

ð7Þ

The R2 values obtained for the entire range (10–55 °C) and specific
temperature ranges (10–15, 15–35 and 35–55 °C) are summarized in
Table Supplement 3. Although both ERE10–55 and MRE10–55 could effec-
tively describe the anammox temperature dependence in the entire
range (R2=0.93–0.97), the description of the temperature dependence
of “cold anammox” at temperatures below 15 °C (R2 = 0.36–0.48) was
inadequate.

A comparison of theGTEpredictions vs. observed SAA is presented in
Fig. 7A. A strong correlation (R2>0.95)was observed not only in the en-
tire range (10–55 °C) but also in all the specific ranges (10–15, 15–35
and 35–55 °C). In the range 10–55 °C, the highest correlation (R2 =
0.97) was obtained using the ERE10–55 and GTE. However, only the
GTE could accurately describe the temperature dependence of “cold
and classic anammox” simultaneously. At temperatures below 15 °C,
the GTE used AR10–15, which provided the most accurate description of
the temperature dependence of “cold anammox” (R2 ≈ 0.99).

To describe the influence of temperature on the SAAwith the Arrhe-
nius equation, two separate ranges were considered with different θ
values. Due to the strong inhibitory effect of low temperatures on the
anammox activity, the SAA trend was not stable. The application of a
single temperature coefficient over a wide range, e.g., 10–40 °C, ad-
versely influenced the correlation between themeasured and predicted
SAA, especially at temperatures below 15 °C.

The GTE was validated using the available literature data (Table 3)
for the temperature range from 10 to 55 °C. In terms of the optimum
temperature (40 vs. 30–35 °C), the data were grouped into two sets.
This approach allowed the assessment of the applicability of the GTE
in systems with different characteristics, e.g., optimum temperature.
The average SAA values for the literature data with the corresponding
standard deviations and GTE predictions are presented in Fig. 7C
(40 °C) and 7E (30–35 °C). The GTE provided a strong correlation
(R2 ≈ 0.99, Fig. 7D) against the literature data with the maximum SAA
observed at 40 °C. When the GTE was examined against the literature
data pertaining to systems with a different optimal temperature, the
correlation decreased (R2 ≈ 0.76, Fig. 7F) and the predicted SAAs
were underestimated (except for the highest temperature, T = 40 °C).
These results confirmed the applicability of the proposed equation to
systems with similar characteristics, including a similar optimum
temperature.

4. Conclusions

The anammox process kinetics over the entire activity range
(10–55 °C) cannot be described by one equation. Notably, themeasured
data and predictions obtained with both the Ratkowsky equations are
highly inconsistent in the temperature range of 10–15 °C.

The Arrhenius equation, applicable in the range of 10–35 °C,
should be divided into two subregions (10–15 °C and 15–35 °C)
to separately characterize “cold anammox” and “(low) mesophilic
anammox”, respectively.

The proposed GTE is the most universal temperature developed so
far. It can enhance the description of the anammox temperature
11
dependence (R2 > 0.95) over the entire activity range, including the
range in which “cold anammox” occurs (<15 °C). In practical applica-
tions, the GTE can help examine anammox-based bioaugmentation sys-
tems operated at both high temperatures (sidestream reactors) and low
temperatures (mainstream reactors).
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