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Evaluating the effect of different operational strategies
on the carbon footprint of wastewater treatment
plants – case studies from northern Poland
M. Maktabifard, E. Zaborowska and J. Makinia

ABSTRACT
Nowadays, low greenhouse gas (GHG) emission is expected at wastewater treatment plants
(WWTPs). However, emission quantiﬁcation and evaluation still faces difﬁculties related to data
availability and uncertainty. The objective of this study was to perform carbon footprint (CF) analysis
for two municipal WWTPs located in northern Poland. Slupsk WWTP is a large biological nutrient
removal (BNR) facility (250,000 PE) which beneﬁts from on-site electricity production from biogas.
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The other studied plant is a medium-size BNR facility in Starogard (60,000 PE). In this WWTP, all the
required electricity was provided from the grid. Both wastewater systems were composed of
activated sludge, with differences in the nutrient removal efﬁciency and sludge treatment line.
The CF calculations were based on empirical models considering various categories of input
parameters, afterwards summing up the emissions expressed in CO2 equivalents (CO2e). After
sensitivity analysis, signiﬁcant contributors to GHG emissions were identiﬁed. The total speciﬁc CF
of the Slupsk and the Starogard WWTP was 17.3 and 38.8 CO2e per population equivalent (PE),
respectively. In both cases, sludge management, electricity consumption and direct emissions from
wastewater treatment were found to signiﬁcantly inﬂuence the CF. A substantial share of the total
CF originated from indirect emissions, primarily caused by the energy consumption. This negative
impact can be partially overcome by increasing the share of renewable energy sources. Reduction of
over 30% in the total CF could be achieved while applying energy recovery from biogas by combined
heat and power plants. Farmland and farmland after composting were found to be the most
appropriate strategies for sludge management. They could create a CF credit (8% of the total CF) as a
result of substituting a synthetic fertilizer. Reliable full-scale measurements of N2O emissions from
wastewater treatment are recommended due to high uncertainty in CF estimation based on ﬁxed
emission factors (EFs). While applying the lowest and the highest N2O EFs reported in the literature,
the total CF would change even by 2–3 times.
Key words

| CO2 equivalent unit, emission factors, energy consumption, greenhouse gases,
sludge management

INTRODUCTION
Modern wastewater treatment plants (WWTPs) should not
only cover stringent efﬂuent limits, but they should also
be energy efﬁcient and have a low carbon footprint (CF)
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(Jenkins & Wanner ). It is estimated that the waste
and wastewater industry holds a 3% share in total global
greenhouse gas (GHG) emissions (Xu ). Carbon neutrality has become a hot topic for WWTPs and carbon
neutral operations have emerged recently (Hao et al. ).
Sustainability of WWTPs has gained much more attention
and the focus of discussion for WWTP performance has
turned to CF and GHG emission reductions (Ødegaard
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). In the total CF, the major GHGs include carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). In a
100-year perspective, the global warming potential (GWP)
expressed in CO2e (CO2 equivalent) emission of CH4 and
N2O is as high as 28 and 265, respectively (IPCC ).
WWTPs produce a considerable amount of GHGs directly
within biological treatment (Xu et al. ). Furthermore,
indirect GHG emissions, such as those related to energy
consumption, cannot be ignored (Figure 1). Therefore, CF
analysis becomes an important tool in WWTPs to recognize
which sections emit more GHGs and discover the potential
solutions to reduce CF. Annual GHG emissions vary signiﬁcantly in terms of the treatment schemes employed (Mamais
et al. ).
The CF of WWTPs is strongly related to the source of
electricity used at the plant (depending on the share of
green energies), wastewater treatment technologies,
additional amount of fossil carbon source (either for denitriﬁcation or co-digestion), and inﬂuent and efﬂuent
characteristics (Wang et al. ). The carbon emissions
due to energy consumption account for 38%–50% of the
total GHG emissions in WWTPs (Bao et al. ). Hence,
there are numerous studies focused on reduction of CF by
enhancing energy recovery from wastewater (Sweetapple
et al. ). The highest values of CO2e emissions were
usually obtained from indirect emissions by electricity consumption for aeration (Mamais et al. ). Increasing the
aeration efﬁciency at WWTPs has some potential for reducing emission of GHGs. However, the trade-off between
efﬁcient aeration and N2O emission must be carefully monitored due to the high GWP of N2O gas. Unlike the direct
N2O and CH4 emissions, which are not easy to measure
due to the complexity of gas measurements, especially at
open WWTPs (Yoshida et al. ), the emission factor
(EF) for electricity can more easily be estimated.
Other research works reported that direct emissions,
such as N2O and CH4 from bioreactors and sewers, are

Figure 1
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Direct and indirect emissions discharged from WWTPs.
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often a large portion of the WWTP CF (Gustavsson &
Tumlin ; Lorenzo-Toja et al. ). The contributions
of N2O emission in the total WWTP CF were reported to
be as high as 78% (Daelman et al. ) and 60% (Rodriguez-Caballero et al. ) in a full-scale biological nutrient
removal WWTP. On the other hand, Aboobakar et al.
() reported that N2O emission added only 13% to the
CF associated with the energy requirements. Those differences can be attributed to speciﬁc plant conﬁgurations and
operational conditions. Moreover, the lack of standardization of the methodology for CF calculations makes
comparison of results between objects difﬁcult.
Differences between the contributions of indirect and
direct CO2e emissions reported in the literature revealed the
importance of evaluating the impact of various parameters
and operational strategies on the total CF of WWTPs. It
remains to be explained how the assumptions made can
affect the results and which measures are efﬁcient in mitigating
GHG emissions while applying a comprehensive approach.
This study aims to estimate the CF of two WWTPs located
in northern Poland and compare the obtained results in order
to evaluate the effect of different operational strategies and
assumed EFs on the total CF. The total CF is reported in various benchmarks and new pathways to reduce the CF, such as
sludge treatment and handling as well as energy efﬁciency,
are discussed. After performing sensitivity analysis, it is possible to ﬁnd the most effective contributors to CF and deﬁne
prospective scenarios to reduce the GHG emissions.

MATERIALS AND METHODS
Characteristics of the studied WWTPs
Two municipal biological nutrient removal (BNR) WWTPs
located in northern Poland were chosen for the CF analysis
in this study. A major reason for the plants’ selection was a

2213

Figure 2

M. Maktabifard et al.

|

|

Evaluating the effect of different operational strategies on the CF of WWTPs

|

|

79.11

|

2019

General concept of wastewater and sludge lines in (a) Slupsk, (b) Starogard WWTPs.

difference in the technologies in both wastewater treatment
and sludge lines that makes a good background for comparisons. Figure 2 shows a general concept of wastewater
treatment and sludge treatment in the studied facilities. The
basic annual characteristics of wastewater inﬂuent are
given in Table 1. For the Slupsk WWTP, data from the year
2013 were used Zaborowska et al. (), and for the Starogard WWTP, data collected in 2016 were applied. First, the
Slupsk WWTP (Figure 2(a)) is a large facility (250,000 PE)
with an average inﬂuent ﬂow rate of approximately
24,000 m3/d. That plant beneﬁts from on-site electricity production through a combined heat and power (CHP) system.
Biogas is produced from mesophilic anaerobic digestion of
primary and waste activated sludge (WAS) as well as external
organic material for co-digestion. In the studied period, the
total annual feedstock contained approximately 4,670 Mg
of dry matter and 3,600 Mg of organic matter. In those
values, the external substrate (fat) had a share of 10% and
11%, respectively. The heat demand of the digester was provided from biogas-driven CHP engines. The recovered heat
satisﬁed the annual heat demand of the digesters
(2,700 MWh vs 3,570 MWh recovered).
The other studied plant (Figure 2(b)) is a medium-size
facility in Starogard (60,000 PE) treating wastewater in the
amount of approximately 8,400 m3/d (annual average). In
the Starogard WWTP, all the required energy is purchased
from the grid since psychrophilic digestion of WAS is
Table 1

Water Science & Technology

Basic annual average characteristics of wastewater inﬂuent including COD
(chemical oxygen demand), TN (total nitrogen) and TP (total phosphorus)
concentrations

performed in an open chamber. These two WWTPs apply
different standards for their efﬂuent characteristics. The
limits for total nitrogen and phosphorus concentrations for
the Starogard WWTP (medium plant) are 15 mgN/L and
2 mgP/L, respectively, while the Slupsk WWTP (large plant)
has stricter standards, i.e. 10 mg N/L and 1 mg P/L. Another
difference is the sludge treatment strategy. The Slupsk
WWTP converts the digested sludge to compost which is
then distributed to farmlands (14,900 Mg/year), but the Starogard WWTP distributes the stabilized sludge directly to
farmlands (8,500 Mg/year). In both cases, chemicals are
used for sludge thickening/dewatering (polymers) and periodically to support phosphorus removal (ferric sulphate).

Analysis tool
The tool for calculating the CF of WWTPs was an MS Excel
spreadsheet (CFCT ), developed in the project entitled
‘Calculation of the CF from Swedish WWTPs’ (SVU 12120) (Gustavsson & Tumlin ). In this spreadsheet, the
input data were divided into nine categories which are
shown in Table 2. The detailed results are based on summing up the emissions expressed in CO2e units and ﬁnding
the total annual CF of the plant in ton CO2e/year. The
results can be analysed for each case study to observe
which elements of the WWTPs have major contributions
to the total CF. For a comparison of the plants, the speciﬁc
CF values were expressed in kg CO2e per population equivalent (PE), volume of inﬂuent wastewater (m3) and removed
load of nitrogen (kg N removed), respectively.

Mean concentration ± SD*
Constituent

Unit

Slupsk WWTP

Starogard WWTP

COD

mg COD/L

1,133 ± 256

784 ± 216

TN

mg N/L

82 ± 13

80 ± 14

TP

mg P/L

12 ± 3

8±3

*SD – standard deviation.
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Data collection and evaluation
The CF analysis was based on a wide range of annual routine operating data as listed in Table 2. Daily average
samples of wastewater were collected and analysed in accredited laboratories meeting the Polish standards following
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Input parameter categories introduced to the CF tool (CFCT 2014)

Input parameter

Type of data

Inﬂuent wastewater
Flow

Wastewater treatment
Based on EFs

Direct N2O emissions
External organic material

Type of data

Biogas
Annual average

COD, BOD, N, P concentrations

Direct CH4 emissions

Input parameter

Produced biogas

Annual average

CH4 content

Annual average

Biogas loss emissions

Based on EFs

Flared biogas

Annual average

Directly emitted biogas

Annual average

Type of biogas utilization

Constant

Annual average
Transports
Sludge

Chemicals

Annual average

Type and amount

Annual average

Screening and sand

Annual average

Transportation

Estimation

Delivery frequency

Estimation

Energy

Sludge

Electricity consumption

Annual average

Duration of storage

Constant

Purchased electricity

Annual average

Amount of dewatered sludge

Annual average

Renewable energies share

Constant

TS and VS contents

Annual average

Internally produced electricity

Annual average

Total N, P and C

Annual average

Total heat use

Annual average

Type of management

Constant

Internally produced heat

Annual average
Waste handling
Amount of screening

Annual average

Efﬂuent characteristics

Annual average

Amount of sand

Annual average

Sea or lake

Constant

Waste utilization

Constant

Recipient

Standard Methods (APHA ). Then the annual data were
calculated and introduced to the CF calculation tool. Missing data were estimated based on the values found in the
literature. Some of the data such as direct emissions were
highly uncertain and calculated based on the EFs available
in the literature. For N2O, the EFs were expressed in kg
N2O per kg N denitriﬁed, with respect to the minimum,
average and maximum values. A broad range of N2O
emissions for different types of wastewater treatment
conﬁgurations was found in the literature. Therefore, the
total CF of each studied plant was calculated based on various EFs found in the literature and the effect of sensitivity
analysis was demonstrated.
Assumptions for calculations
Table 3 provides the main EFs used in the CF analysis as
default values incorporated in the calculation tool (CFCT
). The biogas loss category contains the EFs assuming
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that biogas is partially lost during biogas production in the
closed anaerobic digesters and not fully combusted during
conversion to useful energy carriers in the CHP units. The
emission of GHGs from an open psychrophilic digestion
chamber (used for storage) was calculated by assuming the
period of sludge storage before further use (90 days in the
Starogard WWTP) and included in the sludge management
category. For the energy consumption, the EF for the electricity produced mainly from coal (and purchased by the
WWTPs from the grid) was assumed to be 0.8 kg CO2e/
kWh as reported by NCEM (). The reference point for
the N2O EF was assumed to be 0.0157 kg N2O/kg Ndenitriﬁed
(Foley et al. ).
In this study, sludge management refers to the fate of
sludge after anaerobic digestion (inside and outside of the
WWTP). For digested and dewatered sludge management
strategies, ﬁve different scenarios, including farmland, incineration, landﬁll, fertilizer and composting, were assumed for
each case study. The effects of each possible scenario were
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EFs used in the CF analysis (CFCT 2014)

Category

EF

Value

Unit

Reference

GWP

CH4 GWP
N2O GWP

28
265

kg CO2e/kg CH4
kg CO2e/kg N2O

IPCC ()
IPCC ()

Biogas loss

Biogas slip
N2O from biogas
CH4 from biogas

2.8
0.004
0.034

%
g N2O/kgburned CH4
kg CH4/kgburned CH4

Göthe ()
Brown et al. ()
Doka ()

Composting

N2O emissions
CH4 emissions
Indirect N2O emissions
Substituted production of chemical fertilizer

2
0.75
0.0157
2.9

% of total N-loss
% of total C
kg N2O/kg NH3
kg CO2e/kgfertilizer

Kirkeby et al. ()
Kirkeby et al. ()
IPCC ()
Yara ()

Recipient

Efﬂuent wastewater sea or lake

0.003

kg N2O/kg Nefﬂuent

Foley et al. ()

calculated based on the assumed EFs. In the fertilizer scenario, a preceding process of sludge drying was considered
with the related direct and indirect GHG emissions. In the
case of sludge composting, different sub-scenarios can be
considered indicating the ultimate use of compost, such as
landﬁll, farmland or soil production. It was assumed that
the compost would be distributed to farmlands for further
usage. As a result of substituting a synthetic fertilizer in
the farmland scenario, a negative emission was calculated
(a CF credit).
Sensitivity analysis
For evaluating the data, it was necessary to classify them to
focus more on the highly inﬂuential parameters with respect
to carbon emissions. In the ﬁrst step, the three categories
with the highest contributions to the total CF were selected
for more detailed analysis. The methodology applied in the
sensitivity analysis assumed variations of the pre-selected
quantitative input parameters: (i) from the minimum to the
maximum value reported in the literature; or (ii) by ±10%
in relation to the default (reference) value. A response of

Figure 3
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Different components’ share in the total CF in (a) Slupsk and (b) Starogard WWTPs.
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the variations on the total CF was then analysed. For
those input data which are qualitative, such as sludge handling, different prospective scenarios were introduced and
compared using the calculation tool.

RESULTS AND DISCUSSION
Total CF
Results of the analysis performed for both studied plants
are shown in Figure 3. For the Slupsk WWTP, direct emissions from the wastewater treatment had the highest share
(62%) in the total CO2e emission, followed by the energy
consumption (23%) and the biogas loss category (17%).
The biogas production under anaerobic mesophilic conditions (in the closed digester) had a positive effect,
which was considered in the energy consumption category
(reduction in the CF related to electric energy purchased
from the grid). Distribution of the composted sludge in
the farmlands reduced the total CF by 8%. The negative
value (the CF credit) in the sludge management category
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resulted from the avoided emissions of GHGs through substituting synthetic fertilizer production. In contrast, the
Starogard WWTP produced most of the CO2e emissions
(71%) through the indirect way by supplying all the
energy demand from the grid. Other signiﬁcant CF contributors in the plant belonged to the wastewater section
(34%), whereas the other categories had a small impact
on the total CF. The distribution of the sludge stabilized
under psychrophilic conditions (in the open chamber) to
farmland helped to reduce the total CF by 7%. As the
main result achieved from the analysis for both studied
WWTPs, sludge management, electricity consumption and
direct emissions from wastewater treatment were found
to be the most inﬂuential and sensitive parameters affecting
the total annual CF. Therefore, the results from these
components are separately discussed in the following
sub-sections.

Sludge management
One of the parameters which can help reduce the CF of
WWTPs is the proper way of dewatered sludge management, regardless of the preceding sludge treatment
(stabilization) method. The sensitivity analysis showed that
for both case studies, sludge management scenarios could
make major changes in the total CF. Five different scenarios
were deﬁned and their inﬂuence on the CF is shown in
Table 4 by assuming each possible scenario in the CF analysis tool. The results shown in bold are based on the sludge
management method which was applied at the time when
the data were reported. The Starogard WWTP distributes
the dewatered sludge in farmlands and such a management
strategy was found to be the best scenario in terms of CF
production. The other possible methodology is converting
the anaerobically stabilized sludge to compost (for further
usage as fertilizer on farmlands) as it is at the Slupsk

Table 4

|

Effect of different sludge management scenarios on the CF

Total CF

Relative change in

(ton CO2e/year)

the total CF

Sludge management

Slupsk

Starogard

Slupsk

Farmland

3,966

2,350

9%

Starogard

0

Farmland after composting

4,338

2,794

0

19%

Incineration

4,714

2,612

9%

11%

Landﬁll

5,104

2,748

18%

17%

Fertilizer (after drying)

7,724

3,677

78%

56%
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WWTP. The results of this analysis showed that it was the
second-best option for the Slupsk WWTP in terms of CF production. Therefore, both WWTPs apply appropriate sludge
management strategies (farmland or farmland after composting) which can partially recover the carbon emissions
(around 7%–8% for both WWTPs). In the alternative process of synthetic fertilizer production, annual CF reduction
as high as 363 and 164 ton CO2e was estimated in the
Slupsk and the Starogard WWTP, respectively. The worst
scenario predicted conversion of dewatered sludge to fertilizer after drying, due to the high energy consumption needed
for drying the sludge.
Electricity consumption
The data on energy consumption of WWTPs are typically
readily available. The EFs in this section depend on the
country’s electricity source. Marginal emissions from electricity production in Europe are reported in the range of 0.75
to 0.90 kgCO2e/kWh, while the EF (mainly in Scandinavian
countries) for the average and future scenarios are
approximately 0.45 and 0.35 kgCO2e/kWh, respectively
(Gustavsson & Tumlin ; Larsen ). Against that
background, the EF for electricity production in Poland
(0.80 kgCO2e/kWh (NCEM )) is high due to the domination of coal power plants.
The available data on electricity consumption were
reliable (registered by electricity meters) and considerably
inﬂuenced the indirect emissions of WWTPs. The Slupsk
WWTP consumed annually approximately 4,100 MWh of
electric energy. Only 30% of the total demand was purchased from the grid. Approximately 2,800 MWh was
converted from biogas by the CHP engines, which
accounted for 70% of the total demand and contributed to
signiﬁcant cost savings. Moreover, the recovered heat satisﬁed the annual heat demand of the digesters (2,700 MWh
vs 3,570 MWh recovered). On the other hand, following
the assumptions given in Table 3, the additional CF related
to biogas loss was estimated at 17%. However, this emission
(759 ton CO2e) was balanced by reduction in the off-site
emission from the industrial coal power plant (960 ton
CO2e). Moreover, the amount of reduced CF due to the
energy recovery from biogas was estimated at 2,354 ton
CO2e per year. This value is more than three times higher
than the additional CF from biogas loss during the production and combustion stages. Therefore, it is highly
recommended for WWTPs to recover energy from biogas.
The results showed that the energy consumption category could possibly have the highest share in the total
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CF if the WWTP would not use a renewable energy source.
A 71% share of the total CF belonged to the energy consumption category in the Starogard WWTP. This plant
consumed approximately 2,000 MWh per year, of which
100% was purchased from the grid. Although the electricity
consumption of the Starogard WWTP was 70% smaller
than that of the Slupsk WWTP (the amount of wastewater
treated in Slupsk is approximately three times bigger), the
Starogard WWTP had a larger CF in the energy category.
The Starogard and Slupsk WWTPs produced 1,685 and
981 ton CO2e/year, respectively, as indirect GHG emissions through the energy section. These results conﬁrm
that one of the effective methods of reducing the CF is to
increase the energy efﬁciency of WWTPs. Implementation
of the mesophilic anaerobic digestion process along with
on-site energy recovery from biogas via CHP engines is a
possible solution for the Starogard WWTP. Such a strategy
could result in a major reduction in the total GHG emissions. This reduction was estimated at 33% assuming
70% of the energy demand was covered by the energy
recovered from biogas.
At present, the share of renewable energy in electricity
production in Poland is estimated at 13% (from wind, biomass, water) (CSO ). The sensitivity analysis showed
that if the share of renewable energies increased by 10%,
the annual CF would decrease by 96 ton CO2e in the
Slupsk WWTP and 163 ton CO2e in the Starogard WWTP.
These values account for 2% and 7% reduction of the total
CF for each WWTP, respectively. Therefore, investing in
green energies on both the plant scale and the country
scale can substantially decrease the CF of WWTPs.
Direct N2O emissions
There are several literature reviews on N2O EFs for fullscale BNR WWTPs. Andrews et al. () examined 10
country-speciﬁc national inventory reports. Six of them
used the Intergovernmental Panel on Climate Change
(IPCC) default procedures (Table 5).
The EF in the other four developed countries, those
being Denmark, Japan, USA and UK, has been reported
as high as 0.0024, 0.004, 0.0015 and 0.002 kgN2O/
kgNdenitriﬁed, respectively (GWRC ). Some other studies
performed laboratory-scale experimental studies. For
example, Kampschreur et al. () performed both online monitoring and discrete sampling over a nitriﬁcation/denitriﬁcation sludge wastewater treatment process
and the EFs were 2.3% and 4% of the total nitrogen
load, respectively. Another option is to estimate the N2O
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Effect of direct N2O emissions on the CF for different N2O EFs

N2O EF

Calculated total CF
of WWTP (CO2e/PE)

(kgN2O/kg
Range

Ndenitriﬁed)

Slupsk

Starogard

Reference

Low

0.00022
0.0003
0.0032
0.005

9.9
9.9
11.3
12.2

29.2
29.2
31
32.1

de Haas et al. ()
Foley et al. ()
IPCC ()
IPCC ()

Mid

0.01
0.012

14.6
15.6

35.2
36.5

0.0157
0.016

17.3
17.5

38.8
39

IPCC ()
Townsend-Small
et al. ()
Foley et al. ()
de Haas et al. ()

0.03
0.0471

24.2
32.5

47.7
58.3

de Haas et al. ()
Foley et al. ()

High

emission rates from empirical models (e.g. Baresel et al.
; Marques et al. ). Different EFs reported in the
literature are collected in Table 5 and split into ranges of
low, middle and high values.
Table 5 presents the results for the speciﬁc CF (calculated per PE with respect to different ranges of N2O
EFs). The bold results are assumed as the reference
values used in this study (the default values in the analysis
tool). As shown in Table 5, only the N2O EF can make substantial differences in the ﬁnal total CF results in the
WWTPs. With respect to the reference value, the relative
changes in the WWTPs’ total CF could be as high as
88% and 50%, respectively, while applying various ﬁxed
EFs. In GHG modelling studies, uncertainty in the modelled N2O emissions was also identiﬁed as the primary
contributor to uncertainty in predicting GHG emissions
(Mannina et al. ).
Speciﬁc CF emission factors
The ﬁnal result of the CF of each WWTP can be compared
with respect to the plant size (expressed in PE), inﬂuent
ﬂowrate, and efﬂuent TN concentrations. As is shown in
Table 6, although the Slupsk WWTP has a larger absolute
CF, the relative EFs are lower in comparison with the Starogard WWTP. The Slupsk WWTP is thus operated in a
more sustainable way. The most frequent speciﬁc CF
reported in the literature is based on kg CO2e per m3 treated wastewater. Li et al. () reported the CF for WWTPs
with resource recovery ranges from 0.1 to 2.4 kg CO2e/m3.
This is a relatively wide range and both studied WWTPs
are within that range. Wang et al. () reported the
range 0.1 to 0.96 kg CO2e/m3 for case studies located in
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Total annual CO2e emission and EFs for the studied WWTPs

CF expressed in:

Slupsk WWTP

Starogard WWTP

Literature data

Reference

ton CO2e/year

4,338

2,350

2,445

Koutsou et al. ()

kg CO2e/PE

17.2

38.8

7–108
61–161

Gustavsson & Tumlin ()
Mamais et al. ()

kg CO2e/m3wastewater

0.5

0.8

0.1–2.4
0.1–0.96
0.18–1.18
2.21
0.33

Li et al. ()
Wang et al. ()
Mannina et al. ()
Koutsou et al. ()
Vourdoubas ()

ton CO2e/ton Nremoved

6.9

11.5

6.5–12.6

Delre et al. ()

different countries. The EFs were affected by different efﬂuent discharge permit limitations and different EFs for
electricity. For instance, for the plant with the minimum
reported CF (0.1 kg CO2e/m3), which is signiﬁcantly smaller than the Slupsk and Starogard WWTPs, the EF used
was 0.36 kg CO2e/kWh. That value is less than half of
the one assumed in the present study. Mannina et al.
() developed a new model for CF estimation in
WWTPs. The range of EFs reported in that study was
0.18 to 1.18 kg CO2e/m3 considering both direct and indirect emissions. The results with the relatively high EFs were
attributed to high indirect emissions (for scenarios with
high electricity consumption). Moreover, high direct emissions attributed to the high TN concentrations of the
inﬂuent increased the contribution of the N2O emissions.
Vourdoubas () reported a CF (related only to electricity) as high as 0.33 kg CO2e/m3. This portion of the CF
for the Slupsk and Starogard WWTPs was 0.11 and
0.56 kg CO2e/m3, respectively. Those differences result primarily from the different energy sources applied in the
studied cases.
The comparative analysis with the literature data
showed that the estimated total CF for both WWTPs fall
within the reported ranges. In comparison with the data
reported in the literature, the Slupsk WWTP has a relatively low CF due to the high on-site energy recovery at
this plant. Moreover, the farmland distribution of sludge
affected the total CF positively in both WWTPs. In contrast, much reported data in studies in the literature
assumes the landﬁll scenario (Koutsou et al. ; Delre
et al. ). Table 6 shows the results along with the literature data. The variety of different operational strategies can
change the ﬁnal EFs considerably. Hence, the comparison
among the emission factors reported for WWTPs is not a
straightforward task.
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CONCLUSIONS
The evaluation of the effect of different operational strategies and calculation assumptions on the total CF of the
studied municipal BNR WWTPs revealed the following:

•
•
•
•
•
•

Wastewater treatment, energy consumption and sludge
management are the most inﬂuential categories affecting
the total CF of the WWTPs.
The energy consumption category could possibly have
the highest share in the total CF (71% in the studied
case) if the WWTP covered the total energy demand
from non-renewable sources.
Digestion of sewage sludges under mesophilic conditions
and prevention of biogas losses at each stage of production and use are highly recommended.
A reduction of over 30% in the total CF could be achieved
while applying energy recovery from biogas by CHP plants.
Farmland distribution of sludge was found to be the most
appropriate strategy for sludge management and could
create a CF credit (8% of the total CF) as a result of substituting a synthetic fertilizer.
Reliable full-scale measurements of N2O emissions from
wastewater treatment are recommended due to high
uncertainty in CF estimation based on ﬁxed EFs. While
applying the lowest and the highest N2O EFs reported
in the literature, the total CF would change signiﬁcantly.

ACKNOWLEDGEMENT
This work was ﬁnancially supported by the Regional Fund
for Environmental Protection and Water Management in
Gdansk, Poland, in the Pomeranian R&D Projects, grant
no. WFOS/D/201/3/2018.

2219

M. Maktabifard et al.

|

Evaluating the effect of different operational strategies on the CF of WWTPs

REFERENCES
Aboobakar, A., Cartmell, E., Stephenson, T., Jones, M., Vale, P. &
Dotro, G.  Nitrous oxide emissions and dissolved oxygen
profiling in a full-scale nitrifying activated sludge treatment
plant. Water Research 47, 524–534.
Andrews, J., Chambers, B., Davey, A., Galletti, S., Hobson, J.,
Hunt, D., Thorman, R. & Walker, I.  Carbon Accounting
in the Water Industry: Non-CO2 Emissions. UKWIR,
London, UK.
APHA  Standard Methods for the Examination of Water and
Wastewater, 21st edn. American Public Health Association,
Washington, DC, USA.
Bao, Z., Sun, S. & Sun, D.  Assessment of greenhouse gas
emission from A/O and SBR wastewater treatment plants in
Beijing, China. International Biodeterioration &
Biodegradation 108, 108–114.
Baresel, C., Andersson, S., Yang, J. & Andersen, M. H. 
Comparison of nitrous oxide (N2O) emissions calculations at
a Swedish wastewater treatment plant based on water
concentrations versus off-gas concentrations. Advances in
Climate Change Research 7, 185–191.
Brown, S., Beecher, N. & Carpenter, A.  Calculator tool for
determining greenhouse gas emissions for biosolids
processing and end use. Environmental Science and
Technology 44, 9509–9515.
CFCT  Carbon Footprint Calculation Tool. https://vatekniksodra.se/2014/11/carbon-footprint-calculation-toolfor-wwtps-now-available-in-english/.
CSO  Energy Statistics in 2015 and 2016. Central Statistical
Office, Warsaw, Poland. www.stat.gov.pl.
Daelman, M. R. J., van Voorthuizen, E. M., van Dongen, L. G. J. M.,
Volcke, E. I. P. & van Loosdrecht, M. C. M.  Methane and
nitrous oxide emissions from municipal wastewater treatment
– results from a long-term study. Water Science and
Technology 67, 2350–2355.
de Haas, D. W., Pepperell, C. & Foley, J.  Perspectives on
greenhouse gas emission estimates based on Australian
wastewater treatment plant operating data. Water Science
and Technology 69 (3), 451–463.
Delre, A., ten Hoeve, M. & Scheutz, C.  Site-specific carbon
footprints of Scandinavian wastewater treatment plants,
using the life cycle assessment approach. Journal of Cleaner
Production 211, 1001–1014.
Doka, G.  Life Cycle Inventory of Wastewater Treatment.
Ecoinvent Report No. 13, Swiss Centre for Life Cycle
Inventories, Dübendorf, Switzerland.
Foley, J., Lant, P. & Donlon, P.  Fugitive greenhouse gas
emissions from wastewater systems. Water 38 (2), 18–23.
Foley, J., de Haas, D., Hartley, K. & Lant, P.  Comprehensive
life cycle inventories of alternative wastewater treatment
systems. Water Research 44 (5), 1654–1666.
Göthe, L.  Metanutsläpp i den svenska fordonsgaskedjan – En
nulägesanalys (Methane emissions in the Swedish CNG/
CBG chain – a current situation analysis). SGC Report 282,
SGC, Malmo, Sweden (in Swedish).

Downloaded from http://iwaponline.com/wst/article-pdf/79/11/2211/619888/wst079112211.pdf
by guest

Water Science & Technology

|

79.11

|

2019

Gustavsson, D. J. I. & Tumlin, S.  Carbon footprints of
Scandinavian wastewater treatment plants. Water Science
and Technology 68 (4), 887–893.
GWRC  N2O and CH4 Emission from Wastewater Collection
and Treatment Systems. Global Water Research Coalition,
London, UK.
Hao, X., Liu, R. & Huang, X.  Evaluation of the potential for
operating carbon neutral WWTPs in China. Water Research
87, 424–431.
IPCC  Module 4: Agriculture. In: IPCC Guidelines for
National Greenhouse Gas Inventories: Workbook
(Volume 2). IPCC Guidelines for National Greenhouse Gas
Inventories, IPCC, pp. 1–20.
IPCC  Wastewater treatment and discharge. In: 2006 IPCC
Guidelines for National Greenhouse Gas Inventories,
Volume 5: Waste, IPCC, ch. 6.
IPCC  Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change
(T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex & P. M. Midgley, eds).
Cambridge University Press, Cambridge, UK and New York,
NY, USA.
Jenkins, D. & Wanner, J.  Activated Sludge – 100 Years and
Counting IWA Publishing, London, UK.
Kampschreur, M. J., van der Star, W. R. L., Wielders, H. A.,
Mulder, J. W., Jetten, M. S. M. & van Loosdrecht, M. C. M.
 Dynamics of nitric oxide and nitrous oxide emission
during full-scale reject water treatment. Water Research
42 (3), 812–826.
Kirkeby, J. T., Gabriel, S. & Christensen, T. H.  Miljøvurdering
af genanvendelse og slutdisponering af spildevandsslam – en
livscyklus screening af fire scenarier. (Environmental
assessment of recycling and final disposal of sewage sludge –
a life cycle screening of four scenarios) Technical University
of Denmark, Kgs. Lyngby, Denmark (in Danish).
Koutsou, O. P., Gatidou, G. & Stasinakis, A. S.  Domestic
wastewater management in Greece: greenhouse gas
emissions at country scale. Journal of Cleaner Production
188, 851–859.
Larsen, T. A.  CO2-neutral wastewater treatment plants or
robust, climate-friendly wastewater management? A systems
perspective. Water Research 87, 513–521.
Li, Y., Wang, X., Butler, D., Liu, J. & Qu, J.  Energy use and
carbon footprints differ dramatically for diverse wastewaterderived carbonaceous substrates: an integrated exploration of
biokinetics and life-cycle assessment. Scientific Reports 7 (1),
243.
Lorenzo-Toja, Y., Alfonsín, C., Amores, M. J., Aldea, X., Marin, D.,
Moreira, M. T. & Feijoo, G.  Beyond the conventional life
cycle inventory in wastewater treatment plants. Science of the
Total Environment 553, 71–82.
Mamais, D., Noutsopoulos, C., Dimopoulou, A., Stasinakis, A. &
Lekkas, T. D.  Wastewater treatment process impact on
energy savings and greenhouse gas emissions. Water Science
and Technology 71 (2), 303–308.

2220

M. Maktabifard et al.

|

Evaluating the effect of different operational strategies on the CF of WWTPs

Mannina, G., Ekama, G., Caniani, D., Cosenza, A., Esposito, G.,
Gori, R., Garrido-Baserba, M., Rosso, D. & Olsson, G. 
Greenhouse gases from wastewater treatment – a review of
modelling tools. Science of the Total Environment 551–552,
254–270.
Mannina, G., Rebouças, T. F., Cosenza, A. & Chandran, K. 
A plant-wide wastewater treatment plant model for carbon
and energy footprint: model application and scenario
analysis. Journal of Cleaner Production 217, 244–256.
Marques, R., Rodriguez-Caballero, A., Oehmen, A. & Pijuan, M.
 Assessment of online monitoring strategies for
measuring N2O emissions from full-scale wastewater
treatment systems. Water Research 99, 171–179.
NCEM  Emission Factors of CO2, SO2, NOx, CO and Total
Dust for Electric Energy, on the Basis of Information
Contained in the National Database on Greenhouse Gas
Emissions and Other Substances for 2016. National Center
for Emission Management (NCEM), Warsaw, Poland
(in Polish).
Ødegaard, H.  A road-map for energy-neutral wastewater
treatment plants of the future based on compact technologies
(including MBBR). Frontiers of Environmental Science and
Engineering 10 (4), 2.
Rodriguez-Caballero, A., Aymerich, I., Marques, R., Poch, M. &
Pijuan, M.  Minimizing N2O emissions and carbon
footprint on a full-scale activated sludge sequencing batch
reactor. Water Research 71, 1–10.
Sweetapple, C., Fu, G. & Butler, D.  Does carbon reduction
increase sustainability? A study in wastewater treatment.
Water Research 87, 522–530.

Water Science & Technology

79.11

|

2019

Townsend-Small, A., Pataki, D. E., Tseng, L. Y., Tsai, C.-Y. &
Rosso, D.  Nitrous oxide emissions from wastewater
treatment and water reclamation plants in southern
California. Journal of Environmental Quality 40 (5),
1542–1550.
Vourdoubas, J.  Creation of zero carbon emissions wastewater
treatment plants – a case study in Crete, Greece. Energy and
Environment Research 8 (1), 64–72.
Wang, H., Yang, Y., Keller, A. A., Li, X., Feng, S., Dong, Y. & Li, F.
 Comparative analysis of energy intensity and carbon
emissions in wastewater treatment in USA, Germany, China
and South Africa. Applied Energy 184, 873–881.
Xu, X.  The Carbon Footprint Analysis of Wastewater
Treatment Plants and Nitrous Oxide Emissions from FullScale Biological Nitrogen Removal Processes in Spain.
Master’s thesis, Massachusetts Institute of Technology,
Cambridge, MA, USA.
Xu, J., Li, Y., Wang, H., Wu, J., Wang, X. & Li, F.  Exploring
the feasibility of energy self-sufficient wastewater treatment
plants: a case study in eastern China. Energy Procedia 142,
3055–3061.
Yara  Klimatavtryck. http://www.yara.se/doc/30031_
Klimatavtryck_broschyr.pdf.
Yoshida, H., Mønster, J. & Scheutz, C.  Plant-integrated
measurement of greenhouse gas emissions from a municipal
wastewater treatment plant. Water Research 61, 108–118.
Zaborowska, E., Czerwionka, K. & Makinia, J.  Strategies for
achieving energy neutrality in biological nutrient removal
systems – a case study of the Slupsk WWTP (northern
Poland). Water Science and Technology 75 (3), 727–740.

First received 9 July 2018; accepted in revised form 21 June 2019. Available online 28 June 2019

Downloaded from http://iwaponline.com/wst/article-pdf/79/11/2211/619888/wst079112211.pdf
by guest

|

