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ABSTRACT. With population growth, urbanization, and industrialization, both the volume of wastewater generated 

and its composition are undergoing significant changes. This situation leads to increased energy consumption and 

operating requirements in wastewater treatment plants. While wastewater treatment plants ensure wastewater is 

treated to a level that does not harm the environment, they are a significant source of carbon emissions from energy 

use, chemical consumption, and greenhouse gas emissions generated during treatment processes. Therefore, 

evaluating the carbon footprint of these facilities has become an important environmental sustainability issue. In this 

study, the potential carbon footprint of wastewater treatment plants and the main sources of emissions in these facilities 

are evaluated. In addition, studies conducted at wastewater treatment plants in Türkiye are examined, and the 

calculated carbon footprint values are compiled and summarized. The findings show that carbon footprint values vary 

depending on facility type, operating conditions, and wastewater characteristics. Differences also arise from 

calculation methods, data sources, and the definition of system boundaries. Overall, the results show that 

implementing energy-efficiency improvements, process optimization, and emission-control strategies to reduce the 

carbon footprint of wastewater treatment plants is of great importance for both environmental sustainability and 

climate change mitigation. 
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1. INTRODUCTION 

Technological advancements in the last century have 

improved society's well-being. Still, the tendency 

towards excessive production and consumption has led 

to the rapid depletion of natural resources and increased 

environmental problems. As a result of improper 

practices, water, air, and soil pollution have increased, 

and global warming and the resulting climate change 

have become large-scale problems threatening all living 

things. Carbon dioxide (CO2), methane (CH4), nitrous 

oxide (N2O), and chlorofluorocarbons (CFCs) are the 

main greenhouse gases, and their accumulation in the 

atmosphere causes global warming. CO2 emissions, 

especially those from energy production, are among the 

most important factors accelerating global warming. A 

carbon footprint is an indicator of the amount of 

greenhouse gases produced by an activity and released 

into the atmosphere, directly or indirectly. 

Calculating the carbon footprint is one of the first stages 

of sustainability efforts for organizations operating 

across sectors. In wastewater management, which is 

becoming increasingly important due to population 

growth, urbanization, and industrialization, 

understanding greenhouse gas emissions is essential for 

improving environmental performance and supporting 

climate-resilient infrastructure. Wastewater treatment 

plants are facilities that ensure the safe treatment of 

domestic and industrial wastewaters. However, 

emissions are generated by the material and energy 

used in these facilities, as well as by the biological and 

chemical processes that occur during treatment 

processes. Therefore, determining the carbon footprint 

of wastewater treatment plants is a crucial component of 

sustainable wastewater management. 
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Although carbon footprint assessment of wastewater 

treatment plants has gained increasing attention in recent 

years, the reported emissions in the literature show 

considerable variability. A major challenge in comparing 

existing studies arises from methodological differences, 

including variations in calculation approaches, emission 

factors, functional units, data quality, and, particularly, 

system boundaries (e.g., the inclusion or exclusion of 

construction, sludge management, chemical use, 

transportation, and indirect electricity-related 

emissions). These differences can influence reported 

carbon footprints and limit the comparability of results 

across studies. 

This study aims to identify the key factors and sources 

of emissions that affect the carbon footprint of 

wastewater treatment plants. The study specifically 

evaluates studies conducted in Türkiye, examines direct 

and indirect emission sources, and assesses the effects of 

factors such as plant design and operating conditions, 

using existing literature. 

The remainder of the paper is organized as follows. 

First, the concept of carbon footprint is defined. The 

main processes and emission sources responsible for 

greenhouse gas emissions in wastewater treatment 

plants are then examined, with examples from the 

international literature. The current situation in Türkiye 

is presented by reviewing studies conducted in Turkish 

wastewater treatment plants. 

 

2. THE CONCEPT OF CARBON FOOTPRINT 

Global warming refers to the increase in the average 

surface temperature of the Earth and the changes in 

climate resulting from the strengthening of the natural 

greenhouse effect due to the rapid increase in greenhouse 

gases released into the atmosphere by human activities 

such as the burning of fossil fuels, land-use changes, 

deforestation, and industrial processes. 

A carbon footprint is an indicator calculated by 

measuring the CO2-equivalent (CO2e) of greenhouse 

gases emitted into the atmosphere from human 

activities. The carbon footprint is a measure of the 

environmental damage caused by activities, expressed 

as the amount of greenhouse gases produced, measured 

in units of CO2e, and consists of two main components. 

These components can be defined as the direct (primary) 

and indirect (secondary) footprints. 

The direct footprint represents CO₂ emissions arising 

from the combustion of fossil fuels, including energy 

consumption and transportation activities (such as cars 

and airplanes). In contrast, the indirect footprint 

accounts for emissions associated with the entire life 

cycle of products, from manufacturing to end-of-life 

processes. 

In its most general and simplest form, the carbon 

footprint can be calculated as follows: 

Carbon footprint (CO2e) = Activity Data x Emission 

Factor x Global Warming Potential In the formula, the 

carbon footprint can be estimated by multiplying the 

activity data (e.g., fuel consumed, electricity used, 

waste produced) by the corresponding emission factors. 

Carbon footprint assessments may vary depending on 

the selected methodology, such as process-based life 

cycle assessment (LCA), input-output approaches, 

direct emission inventory methods, or hybrid methods. 

Each approach differs in terms of data requirements, 

level of detail, uncertainty, and the extent to which 

direct and indirect emissions are captured. Among the 

various approaches available, the most basic calculation 

approach is the one developed by the 

Intergovernmental Panel on Climate Change (IPCC) [1]. 

The emission factors, global warming potential 

values, and calculation steps 

3. CARBON FOOTPRINT OF 

WASTEWATER TREATMENT PLANTS: 

GLOBAL PERSPECTIVE 

While wastewater treatment plants play a critical 

role in protecting public health and the environment, 

they are also significant contributors to global 

greenhouse gas emissions. Determining and managing 

carbon footprints in wastewater treatment plants is 

vital to achieving sustainability goals. According to 

the IPCC Fourth Assessment Report, global 

greenhouse gas emissions from the waste/wastewater 

sector amounted to 1.4 Gt CO2e in 2004-2005, 

representing approximately 2.8% of total emissions 

[2]. According to the IPCC Sixth Assessment Report, 

the waste sector (including solid waste and 

wastewater) is responsible for 1.6 Gt CO2e emissions 

in 2019, representing approximately 3% of global 

greenhouse gas emissions [3]. 

The carbon footprint of wastewater treatment plants 

arises from activities such as biological processes, 

energy consumption, chemical use, and the 

transportation and disposal of treatment sludge. The 

direct footprint arises from CH4 and N2O emissions 

released during treatment processes, sludge 

treatment, and the discharge of treated water into the 

receiving environment. The indirect footprint 

includes emissions from the production of electricity 

consumed by the plant, the production and 

transportation of chemicals used in treatment 

processes, and the transportation and disposal of 

sludge. Therefore, determining the carbon footprint 

of wastewater treatment plants requires the joint 

assessment of both direct process-related emissions 

and indirect emissions related to energy and material 

use. This assessment is an important tool for 

improving plant environmental performance and for 

developing strategies to reduce greenhouse gas 

emissions. 

Numerous studies exist in the literature that report 

the carbon footprint of wastewater treatment plants. 

Sahely et al. [4] reported that wastewater treatment 

in Canada results in approximately 669,100 Mg 

CO2e yr-1 direct emissions. However, when indirect 

emissions from energy production, chemical 

production, and sludge treatment are also 
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considered, this amount reaches approximately 

1,048,500 Mg CO2e yr-1. 

Kampschreur et al. [5] (2009) investigated the 

mechanisms of N2O formation in wastewater 

treatment plants. Measurements from laboratory-

scale and full-scale wastewater treatment plants 

showed that significant amounts of N2O are released 

during nitrogen removal, but there were large 

discrepancies in reported emission values. Analyses 

have shown that the most important parameters 

leading to N2O emissions in wastewater treatment 

plants are low dissolved oxygen concentrations 

during nitrification and denitrification, increased 

nitrite concentrations during nitrification and 

denitrification, and low chemical oxygen 

demand/nitrogen ratio (COD/N) during 

denitrification. 

Morera et al. [6] compared the environmental 

performance of different treatment technologies based 

on their carbon footprints. This study showed that 

variations in functional units, system boundaries, and 

data sources make it difficult to compare results across 

studies. Another important result of the study was that 

factors such as energy consumption, chemical use, 

sludge disposal, and greenhouse gas emissions affect 

the carbon footprints. Comparison of conventional and 

unconventional treatment systems revealed that the 

high energy requirements and operating costs of 

unconventional treatment technologies, especially 

membrane bioreactors, increase environmental impacts. 

Chai et al. [7] examined the carbon footprints of three 

main wastewater treatment technologies, considering 

four different sludge treatment alternatives as well for 

small and medium-sized wastewater treatment plants. 

These were Anaerobic-Anoxic-Oxic (A2O), Sequential 

Batch Reactor, and Oxygen Ditch. This study revealed 

that direct CO2 and N2O emissions, as well as indirect 

emissions from electricity use, significantly contribute 

to the plant's carbon footprint. It was reported that 

reducing aerobic treatment and maximizing anaerobic 

treatment are effective strategies for decreasing the 

carbon footprint of both wastewater and sludge 

treatment processes. Anaerobic sludge treatment and the 

use of biogas across different treatment processes 

contributed to reducing the carbon footprint associated 

with sludge storage scenarios. 

Singh et al. [8] investigated the energy consumption 

and carbon footprints of wastewater treatment plants 

operating at different scales using different 

technologies, based on primary data from 50 

wastewater treatment plants in India and the United 

Kingdom (UK). The study used a combination of the 

basic mass-balance approach for energy consumption 

and the IPCC methodology for carbon emissions. It was 

found that small-scale institutional wastewater 

treatment plants consume 12 times as much energy as 

large-scale municipal wastewater treatment plants. 

Embedded energy from construction materials and 

chemicals constitutes 46% and 33% of the total energy 

intensity of municipal and institutional wastewater 

treatment plants, respectively. The average carbon 

footprint of large-scale wastewater treatment plants was 

0.78 kg CO2e m-3, while that of small-scale wastewater 

treatment plants was 3.04 kg CO2e m-3. It was 

determined that the electrical energy intensity in 

wastewater treatment plants in India was lower than in 

UK plants, due to the lack of resource recovery 

processes and the use of solar heat for sludge drying. 

Robescu and Presură [9] estimated the carbon footprint 

of the Constanta South wastewater treatment plant in 

Romania using a combined model. It was determined 

that, with the current plant technology, the treated 

wastewater emitted 0.44-0.54 kg CO2e m-3 between 

2010 and 2013. The use of biogas produced during 

wastewater treatment significantly reduced the 

calculated carbon footprint. 

Vourdoubas [10] evaluated the strategies to reduce the 

carbon footprint of wastewater treatment plants, using 

the Chania Municipal Wastewater Treatment Plant on 

the island of Crete, Greece, as a reference. Their results 

indicated that near-zero carbon emissions can be 

achieved through the utilization of biogas generated 

within the plant, the development of irrigated 

afforestation areas using treated wastewater, and the 

use of solar and wind energy. 

Delre et al. [11] calculated the carbon footprint of 

seven wastewater treatment plants in Scandinavia 

(Denmark and Sweden) that use different 

technologies. Net carbon footprints were determined 

to be in the range of 0.15-0.66 kg CO2e Mg-1, with 

direct greenhouse gas emissions accounting for 44-

71% of the total carbon footprint. Energy 

consumption, chemical use, and sludge applications 

were found to account for the remaining. 

Borzooei et al. [12] conducted an integrated 

experimental and modeling feasibility analysis 

evaluating potential opportunities to minimize the 

carbon footprint of Italy's largest wastewater 

treatment plant. Two strategies for reducing the 

carbon footprint were evaluated: model-based 

improvements to anaerobic sludge digestion 

(providing 18% more biogas and lower greenhouse 

gas emissions) and microalgae-based CO2 capture in 

a laboratory-scale photo-bioreactor, achieving up to 

80% CO2 reduction. Together, these technologies 

demonstrate significant potential for improving both 

energy efficiency and environmental performance in 

large-scale wastewater treatment plants. 

Wu et al. [13] evaluated the effects of process design 

on the carbon footprint of wastewater treatment 

plants. Aerobic and anaerobic sludge stabilization 

processes, short-term and long-term sludge storage, 

and three different sludge disposal options were 

included in the analysis. The carbon footprints of 45 

processes were evaluated. The results showed that 

carbon footprints largely depend on the treatment 

configurations of wastewater treatment plants. In 

general, it was stated that anaerobic wastewater 

treatment and sludge stabilization technologies result 
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in a lower overall carbon footprint than aerobic 

technologies. 

Boiocchia et al. [14] evaluated the carbon footprint 

of a large wastewater treatment plant in Italy, 

assessing different greenhouse gas emission sources. 

It was determined that the sources contributing most 

to greenhouse gas formation were energy 

consumption, natural gas production, and 

transportation, and N2O emissions from wastewater 

treatment processes. 

Studies in the literature show that wastewater 

treatment plants are a significant source of carbon 

footprint. This footprint consists not only of CH4 and 

N2O emissions from the processes themselves, but 

also of indirect effects such as energy consumption, 

chemical use, and sludge management. In particular, 

operating conditions (dissolved oxygen, nitrite 

accumulation, COD/N ratio, etc.) are found to be 

decisive for N2O emissions during nitrification and 

denitrification. Furthermore, it has been determined 

that carbon footprint values vary significantly 

depending on plant scale and treatment technology, 

with emissions per unit volume higher in smaller-

scale plants. Practices such as increasing anaerobic 

processes, improving biogas recovery, and using 

renewable energy are effective in reducing carbon 

footprints. 

4. CARBON FOOTPRINT OF 

WASTEWATER TREATMENT PLANTS IN 

TÜRKİYE 

Türkiye has made significant progress in wastewater 

treatment services over the past few years. According to 

data from the Ministry of Environment, Urbanization, 

and Climate Change, there were 1213 facilities in 2023, 

and the percentage of the municipal population served 

by these facilities was 90.6%. As of the end of 2022, 

approximately 51% of wastewater treatment plants in 

Türkiye have biological treatment, and 20% have 

advanced/progressive biological treatment processes 

[15]. 

To date, several studies have been conducted in Türkiye 

to evaluate the carbon footprints of wastewater 

treatment plants. Table 1 provides an overview of these 

studies, including the treatment processes, wastewater 

types, applied methods, and reported carbon footprint 

values. 

Gülhan [16] estimated the direct greenhouse gas 

emissions from nine large wastewater treatment plants 

in Istanbul based on 2020 population and pollution load 

values, using the IPCC (2006) Guide [1] and the GPS-

X simulation model. The study results showed that total 

greenhouse gas emissions from wastewater treatment 

plants ranged from 225,372 t CO2e yr-1 (IPCC 2006) 

to 687,357 t CO2e yr-1 

(GPS-X model). The difference between the two 

methods was attributed to the IPCC (2006) method failing 

to account for the effects of nitrification and 

denitrification on N₂O emissions. This study also 

demonstrated that plants with a lower COD/Total 

Kjeldahl Nitrogen (TKN) ratio had higher N₂O 

emissions, whereas higher dissolved oxygen levels in 

the aeration tank were linked to higher N₂O emissions 

from the aerobic tank. 

Güller [17] calculated the carbon footprint of a 

wastewater treatment plant treating municipal 

wastewater from the Menteşe district of Muğla Province 

for the years, 2015 and 2016. In 2015, the plant's carbon 

footprint was 77,316 t CO2e yr-1, and it rose to 82,946 t 

CO2e yr-1 in 2016. 60% of the total carbon footprint was 

found to be related to originated electricity 

consumption. The significant contribution of chemical 

consumption and sludge dewatering processes was also 

highlighted. 

Yapıcıoğlu [18] measured greenhouse gas emissions 

from the Siverek Municipal Wastewater Treatment Plant 

and the Şanlıurfa Organized Industrial Zone Central 

Wastewater Treatment Plant. It was found that the 

highest emissions occurred in August and the lowest 

occurred in February. In general, the emissions were 

higher emissions from the aeration tank, aerated grit 

chamber, and coagulation-flocculation tanks. 

Çankaya and Pekey [19] calculated the carbon footprint 

of an advanced biological (A2O) wastewater treatment 

plant and a biological (activated sludge) operation. This 

study showed that the carbon footprint was primarily 

due to CH4 and N2O emissions from biological 

treatment. The study showed that the purchased 

electricity accounted for a large share of the plant's 

carbon footprint and chemical consumption and 

equipment use in the plant's operations were also 

significant indirect sources of emissions. 

Okan [20] calculated the carbon footprint of 105 

different wastewater treatment plant configurations. The 

study found that emissions ranged between 588 kg CO2e 

h-1 and 5,697 kg CO2e h-1. Furthermore, it was 

calculated that carbon footprints could be reduced by 

up to 10% through energy-efficiency and aeration-

optimization measures in wastewater treatment plants. 

Ateş [21] calculated the carbon footprint of the 

Bingöl Wastewater Treatment Plant as 45,238 t 

CO2e yr-1. Electricity consumption was identified as 

the dominant source of emissions, due to the 

Türkiye's carbon-intensive grid structure. 

Karakaş [22] investigated the carbon footprint of the 

Erzurum Advanced Biological Wastewater 

Treatment Plant. The total greenhouse gas emissions 

were calculated as 17,236 t CO2e yr-1 in 2018 and 

59,629 t CO2e yr-1 in 2019. Karakaş et al. [23] 

recalculated the carbon footprint using the same 

input data but a slightly different methodology. In 

this calculation, the carbon footprints for 2018 and 

2019 were 10,389 and 53,529 t CO2e yr-1, 

respectively. In both studies, produced higher carbon 

footprints in 2019 compared to 2018. This difference 

was attributed to increased biological oxygen 

demand (BOD) and total nitrogen content resulting 

from operational problems. In addition, biogas 

generated in anaerobic digesters was used for 
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electricity generation in 2018, reducing the facility’s 

carbon footprint when net values were considered. 

Akhlaghi [24] calculated the carbon footprint of a 

wastewater treatment plant in Central Anatolia. This 

study used two different methodologies, Ecozero and 

CarbonIT. According to the Ecozero methodology, 

the carbon footprint was estimated as 14,337 t CO₂e 

yr⁻¹ for 2021 and 14,035 t CO₂e yr⁻¹ for 2022. In 

contrast, CarbonIT estimated higher values, with 

carbon footprints of 24,381 t CO₂e yr-1 for 2021 and 

22,609 t CO₂e yr-1for 2022. 

Çayır [25] examined both operational greenhouse 

gas emissions and the embodied carbon of materials 

used during the construction and operation of an 

advanced wastewater treatment plant in Giresun. The 

IPCC (2006) method was used to calculate direct and 

indirect greenhouse gas emissions from the 

wastewater treatment plant's operations The 

embodied carbon emissions from the materials used                    

 

for the construction and ongoing operation of the 

wastewater treatment plant were calculated using a 

life cycle assessment model. The results showed that 

the wastewater treatment plant has produced 91.05 t 

CO2e yr⁻¹ CH4 emissions and 0.344 t CO2e yr⁻¹ N2O 

emissions. The amount of emissions from electricity 

use was 15.20 t CO2e yr⁻¹. The cumulative 

greenhouse gas emissions from the plant's activities 

were 107 t CO2e yr⁻¹. Examination of the wastewater 

treatment plant's structure revealed that ready-mixed 

concrete and steel contributed the highest amounts of 

embodied carbon, approximately 398 and 287 t CO2e 

yr⁻¹, respectively. 

Eken [26] evaluated the carbon footprint of the 

construction phase of a wastewater treatment plant in 

in Giresun. The plant's carbon footprint during 

construction was calculated at 1078 t CO2e in 2022 

and 1111 t CO2e in 2023. An estimated carbon 

footprint for the operational phase was calculated, 

resulting in 734 t CO2e yr-1. 

Table 1. Overview of studies including treatment process, wastewater type, method, and carbon footprint 

Facility Name Treatment 

Process 

Wastewater 

Type 

Method 

Used1 

Carbon Footprint 

(kg CO2e m-3) 

References 

Ambarlı AAT A2O Municipal IPCC 1.10 [16] 

Ataköy AAT 5-Bardenpho   4.86  

Büyükçekmece 

AAT 

A2O   1.41  

Çanta AAT A2O   1.62  

Paşaköy AAT A2O   2.52  

Selimpaşa AAT A2O   0.99  

Silivri AAT A2O   2.09  

Tuzla II AAT A2O   1.17  

Tuzla I AAT Conventional 
  

5.09 
 

Muğla AAT A2O Municipal CCALC2 

IPCC 

NGA 

29 [17] 

Siverek AAT A2O Municipal Direct 0.07 [18] 

Şanlıurfa AAT Conventional Industrial Measurement 3.1  

AAT1 A2O Municipal LCA 1.64 [19] 

AAT2 Conventional   1.23  

Muratlı OSB AAT A2O Municipal 

Industrial 

ECAM 1.75 [20] 

Bingöl ATT Conventional Municipal GPS-X 

CCALC2 

7.82 [21] 

Erzurum ATT A2O Municipal UNFCCC 0.59 (2018) [22] 

   IPCC 2.2 (2019)  

   NGA   

Erzurum ATT A2O Municipal UNFCC 0.22 (2018) [23] 

   IPCC 1.2 (2019)  

AAT-1 Conventional Municipal Ecozero 

CarbonIT 

0.05 (Ecozone, 2021) 

0.05 (Ecozone, 2021) 

0.08 (CarbonIT, 2021) 

0.09 (CarbonIT, 2022) 

[24] 

Giresun AAT A2O Municipal IPCC 0.081 [25] 

AAT-1 A2O Municipal CFCT 0.29 [27] 

AAT-2 A2O   0.54  

AAT-3 A2O   0.25  

AAT-4 A2O   0.70  
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1IPCC: 2006 IPCC Guidelines for National Greenhouse 

Gas Inventories; CCALC2: Carbon Calculations over the 

Life Cycle of Industrial Activities; CFCT: Carbon 

Footprint Calculation Tool; ECAM: Energy Performance 

and Carbon Emissions Assessment and Monitoring; LCA: 

Life Cycle Assessment; NGA: National Greenhouse 

Accounts Factors, Department of Environment Australian 

Government, Commonwealth; UNFCC: United Nations 

Framework on Climate; 2Calculated as [Total 

emission]/[Actual or Design Wastewater Flow Rate]. 

Yavuz [27] calculated the carbon footprints of four 

wastewater treatment plants with varying flow 

rates.The calculations revealed that the most significant 

sources of greenhouse gas emissions were wastewater 

treatment processes and energy consumption. In plants 

using sludge incineration, sludge management was 

identified as a significant source of emissions. The 

study showed that carbon footprint reductions can be 

achieved by using wind energy, applying sludge to 

agricultural land, utilizing all biogas for electricity 

generation, separately treating sludge filtrate via the 

anammox process, and reusing sand waste. Among the 

processes, sludge drying stands out due to its high 

energy consumption. 

A general assessment of these studies shows that the 

carbon footprint of wastewater treatment plants extends 

beyond energy consumption. Biological processes, 

particularly N2O emissions generated during nitrogen 

removal, constitute a major carbon footprint. In addition, 

technology selection, sludge management, operational 

control strategies were also effective in carbon 

footprints. 

5. EVALUATION OF CARBON FOOTPRINTS 

OF WASTEWATER TREATMENT PLANTS 

IN TÜRKİYE 

The results presented in Table 1 show that the carbon 

footprints of wastewater treatment plants in Türkiye varies 

over a wide range (0.05-29 kg CO2e m-³). However, the 

values reported by Güller [17] and Ateş [21] differ 

significantly from those reported in other studies, most 

likely due to differences in methodology. GPS-X method 

used by Ates [21] is a process simulation tool and 

provides a more detailed assessment of the system. 

CCALC2 method in both Güller [17]’s and Ates [21]’s 

studies, is a life cycle-based carbon accounting tool, can 

include a broader range of indirect emissions such as 

electricity generation, chemical production, 

transportation, sludge handling, and 

upstream/downstream processes. Excluding these two 

studies, the carbon footprint values ranged from 0.05 to 

3.1 kg CO2e m-³, which is closer to the values reported 

in the literature. Based on data from 76 wastewater 

treatment plants in the USA, Zipp III et al. [28] 

reported that the carbon footprint from operational 

energy use ranged from 

0.38 to 0.42 kg CO2e m-3. El Abbadi et al. [29] showed 

that the carbon footprints of wastewater treatment 

plants in the USA varied between 0.19 and 2.6 kg CO2e 

m-3 for different treatment plant configurations. In 

China, the carbon footprint of wastewater treatment 

plants was approximately 

1.5 kg CO2e m-3 [30]. Based on data from 50 

wastewater treatment plants operating in India and the 

UK, Singh et al. 

[8] reported that the average carbon footprint of large-

scale wastewater treatment plants was 0.78 kg CO2e m-

3, while that of small-scale wastewater treatment plants 

was 3.04 kg CO2e m-3. 

Differences in the carbon footprint values of 

wastewater treatment plants can stem from various 

reasons. Differences in plant characteristics and the 

treatment systems used are among the primary causes. 

When evaluated on the process basis, A2O systems 

generally result in carbon footprints of 0.3-2.5 kg CO2e 

m-3, while those of conventional systems often exceed 

2.5 kg CO2e m-3 [16,21]. This contradicts the study by 

Qu et al. [30], which found that the conventional 

(activated sludge) system had lower carbon footprint, 

while the A2O process generated higher emissions. This 

indicates that the type of process alone is not a 

determining factor and that significant differences exist 

even among plants with similar processes. Wastewater 

quantity and characteristics were among the important 

factors in this aspect. Specifically, the COD/TKN ratio 

directly affects organic matter and nitrogen conversion 

processes, altering nitrification and denitrification 

performance, which in turn is decisive in determining 

N2O emissions. Given N2O's high global warming 

potential and its high sensitivity to operating conditions 

(dissolved oxygen, carbon source, load fluctuations, 

etc.), it most probably creates one of the biggest sources 

of uncertainty in carbon footprint calculations. 

Additionally, differences in calculation methods, 

data sources, and the definition of system boundaries 

can also create variations in carbon footprint values. 

Approaches such as IPCC, UNFCCC, and NGA are 

based on emission factors and, because they include 

generalized assumptions, may not adequately reflect 

facility-specific differences, leading to wide 

uncertainty ranges. In contrast, GPS-X and similar 

process-based models dynamically simulate the 

formation of N2O and CH4 from 

nitrification/denitrification, explaining emission 

processes with more detailed mechanisms. In these 

approaches, different results can be obtained 

depending on the selected parameters and 

calibration. ECAM, on the other hand, is a holistic 

assessment tool that serves as a facility-scale energy 

and emissions monitoring system based on the IPCC 

methodology. In some studies, it has been found 

that the results obtained with two different methods 

differ. For example, Karakaş [22] and Karakaş et al. 

[23] conducted studies with partially different 

techniques at the same facility and obtained different 

carbon footprint values. Similarly, this study shows 

different values for two different years. This 

situation has been attributed to operational issues at 

the facility. Similarly, the results obtained by 

Akhlaghi [24] demonstrated that different 
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methodologies yield distinct outcomes. Furthermore, 

the results may vary depending on the scope 

considered in the studies. 

Finally, energy consumption in facilities also has a 

critical impact on the total carbon footprint. Aeration 

systems, in particular, account for a large share of 

total energy consumption and are the main source of 

indirect emissions. Factors such as the age of the 

facility, the efficiency of the equipment used, 

operating strategies, and flow rate can directly affect 

energy consumption per unit volume and, therefore, 

the carbon footprint. However, due to data 

limitations, it was not possible to evaluate the results 

based on these variables. In addition, facilities 

containing industrial wastewater may experience 

higher pollution loads, leading to increased energy 

demand and emissions. 

6. CONCLUSIONS 

In this study, we provided an overview of the studies 

conducted to evaluate the carbon footprints of 

wastewater treatment plants. In particular, we 

focused on studies conducted at Turkish wastewater 

treatment plants to demonstrate the variability and 

range of reported values. 

In general, this study showed that direct comparison 

of carbon footprint values reported in the literature 

can often be misleading. The values reported vary 

considerably depending on the facilities, process type, 

and methods used. Also, data on some other factors, 

such as the age of the facility, the type of equipment 

used, were not reported adequately. As a result, it was 

not possible to obtain a single value for Türkiye. 

Differences are observed between methodologies in 

terms of data-collection level, which emission types 

(CO2, CH4, N2O) are included, and the extent to 

which energy-chemical resources and sludge 

management are considered. Data is generally 

collected on a facility-by-facility basis. 

Therefore, it is crucial to clearly state which 

emission components the studies cover, which 

methods were used, and which assumptions were 

adopted. Otherwise, even for the same facility, 

significantly different carbon footprint values can be 

obtained using different methods, making the 

interpretation of the results difficult. Developing a 

national greenhouse gas emissions inventory for 

wastewater treatment plants using a standardized 

methodology would provide significant benefits for 

future assessments and comparisons. 
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