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Water Resources &
Environmental Management
from  from Leibniz Universität
Hannover, Germany and is
based out of Bogotá, Colombia. 

VISHWAS VIDYARANYA MSc.
Vishwas is a circular economy
expert with over a decade of
global experience in sustainable
finance, circular economy, waste
and wastewater management.

He has designed, built and
managed waste and wastewater
treatment plants in several
countries.

He holds a masterś degree in
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DISCLAIMER

By accessing this eBook, you accept this disclaimer in full.

No part of this eBook may be reproduced or transmitted in any
form or by any means, electronic or mechanical, without written
permission from the authors.

The information provided within this eBook is for general
informational purposes only. We have made every effort to
ensure the accuracy of the information in this eBook at the time
of publication. However, we do not guarantee that all of the
information in this eBook is correct or up to date. Therefore, we
disclaim any liability to any party for any loss, damage, or
disruption caused by errors or omissions, whether such errors
or omissions result from information in this eBook, negligence,
or any other cause.

Even though we have attempted to present accurate
information, there are no representations or warranties,
expressed or implied, about the completeness, accuracy, or
reliability of the information, products, services, or related
graphics contained in this eBook for any purpose. The
information is provided “as is,” to be used at your own risk.

The results and parameters described in this eBook are derived
from the authors’ personal experiences and research. They are
not intended to be a definitive set of instructions for this project.
You may discover there are other methods and materials to
accomplish the same result. Your results may differ.

All trademarks appearing in this eBook are the property
of their respective owners.

No warranty may be created or extended by any promotional
statements for this work. The authors shall not be liable for any
damages arising herefrom.
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L IST  OF ABBREVIAT IONS
Anaerobic digestionAD

Activated sludge processASP

Biological nutrient removalBNR

Conventional activated sludgeCAS

Chemical oxygen demandCOD

Dissolved oxygenDO

Extended aerationEA

Greenhouse gasGHG

Intergovernmental Panel on Climate ChangeIPCC

Key performance indicatorKPI

Moving-batch biological reactorMBBR

Membrane bioreactorMBR

Methane conversion factorMCF

Person equivalentPE

Sequential batch reactorSBR

Ammoniacal nitrogenSNH

Up flow anaerobic sludge blanketUASB

Variable frequency driveVFD

Volatile organic compoundsVOC

Waste stabilization pondsWSP

Substrate retention timeSRT

Suspended solidsSS

Sewage treatment plantSTP

Total nitrogenTN
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Introduction1 .

Identification of key performance indicators (KPIs) that can be used for evaluating
new STPs.
Identification of process and infrastructure retrofits for existing STPs.
Criteria for calculating GHG emissions for STPs.

Optimization of sewage treatment plants (STPs) improves pollution removal
efficiencies, reduces operation and maintenance costs, GHG emissions and helps
comply with changing environmental norms. STPs account for about 3% of the
methane emissions and their optimization could have a significant impact in limiting
global warming increase by 2 degree celsius (Magill, 2016).

The objective of this study is to evaluate performance indicators and emission criteria
for municipal STPs. The study focusses on the following:
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2.  Key Performance Indicators for
STPs
Traditionally, energy benchmarking for STPs are related to the energy consumption
and its relation to the volume of treated water (Kwh/m3). This approach is simple and
easy to implement; however, it assumes that pollutant concentrations in the influent
and effluent do not vary significantly in the STPs. This assumption is not valid,
especially when the collection systems, treatment technologies and the population
served have different characteristics. Additionally, Kwh/m3 just relates the energy
consumption to the amount of water passing through the treatment plant, without
evaluating the efficiencies of the treatment plants to remove pollutants. Kwh/m3 is
highly influenced by the dilution factor of the wastewater.

An alternate approach is to measure the energy consumption in relation to the
amount of pollutants removed; for example, KWh/KgCODremoved or
KWh/KgTNremoved. The main disadvantage of this approach is that the measurement
of pollutant removal is more complicated than flow measurement, and therefore, it is
less feasible.

Generally, large STPs are more energy efficient compared to the small-scale plants.
This is due to: (i) Economies of scale: Due to the usage of larger and more efficient
equipment, and (ii) Process stability: This is reflected by a regular operation of
electromechanical equipment and thus avoiding energy-intensive transitional periods
(Longo, et al., 2016).

The following table summarizes energy KPIs for various municipal-scale STP
technologies:
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Table 1: Energy related KPIs for STP operations (ENERWATER, 2020) (Haas, Appleby, Charakos, &
Dinesh, 2018) (Longo, et al., 2016) (NGRBA, 2010)

# Technology
Average

kWh/Kg COD removed
Average 
kWh/m3 

1 CAS 0.98 0.54

2 MBBR 0.35 0.22

3 SBR 1.28 0.21

4 UASB 0.21 0.13

5 EA 2.25 1.46

6 MBR 2.80 1.11

7 WSP 1.20 0.48

8 BNR 1.13 0.66

The pollutant removal efficiency of the above technologies varies based on operations
and design criteria. However, a subject ranking of the technologies (1=Poor and 4=
Excellent) is shown in the following table along with Eutrophication potential which
reflects the efficiency of the removal of COD, nitrogen (N) and phosphorus (P) and
represents the emission of the remnants in the water discharge:

Table 2: Subjective ranking of pollution removal (Sun, et al., 2020)

# Technology COD
Removal

1 CAS 3

2 MBBR 3

3 SBR 3

4 UASB 3

5 EA 3

6 MBR 4

7 WSP 2

8 BNR 3

N
Removal

2

2

3

1

2

2

2

4

P
Removal

2

2

3

1

2

2

2

4

Note: 1=Poor and 4= Excellent; 



# Technology
Sludge

Production
kg SS/kg COD

1 CAS 0.70

2 MBBR 0.40

3 SBR 0.70

4 UASB 0.26

5 EA 0.53

6 MBR 0.50

7 WSP 0.45

8 BNR 0.70

CAPEX
$/m3.d

142

142

151

142

151

395

83

151

OPEX
$/m3

0.14

0.15

0.11

0.14

0.14

0.26

0.11

0.14

Area
m2/m3.d

1.20

0.55

0.45

1.11

1.3

0.45

6.10

1.3
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Table 3: Specific sludge production (Andreoli, Sperling, &  Fernandes), investment and  operational
costs (NGRBA, 2010) and land requirement (NGRBA, 2010) and (Kalbar, Karmakar, &

 Asolekar, 2012)

The KPIs for sludge production, CAPEX and OPEX and land requirements deduced from
various studies and projects are shown in the following table:

Note 1: Sludge Production –SBR and BNR are assumed to have similar production rates as CAS and MBR and
MBBR have lower rates than CAS.

Note 2: CAPEX and OPEX – EA and BNR are assumed to have similar costs as compared to CAS. These are
reference values for India based on conversion factor of 1 USD ($)= 75 INR and the costs will vary for each
country.
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The parameters and criteria for optimization and retrofit of existing municipal STPs
depend on the type of technology, capacity, design criteria, operations and
maintenance efficiencies, costs, etc. The process improvement, especially, need to be
verified with the design data before implementing changes. A brief description
possible process, equipment and infrastructure related optimizations and retrofits are
shown in the table below:

# Intervention Type of
intervention Results in Potential

benefits

1
Renewable

energy (Solar,
wind, biogas, etc.)

Energy
source

Reduced costs and GHG
emissions

Energy sufficiency

2
Improved primary
treatment (Eg: fine

screens and
primary

sedimentation
tanks)

Equipment Improves SS and BOD
removal, reduces risk of

  clogging and damage to
mechanical equipment

At least 15%
reduction in energy
costs of the STP due

to reduced BOD

3
Efficient pumps

and VFD for
internal sludge

recycling

Equipment Reduced energy requirement
and long life of pumps

At least 10%
reduction in energy

consumption

4
Retrofit of efficient

blowers and
diffusers (eg: fine
bubble diffusers)

Reduced energy requirement
and improved life span

Between 10 - 30%
reduction in total

energy costs

Equipment

5
VFD to control

aeration
equipment using
DO  control and

optimization

Reduced energy requirement
and improved oxygen

transfer

Between 10 - 30%
reduction in total

energy costs

Equipment

6
Air pressure control

in blowers
Better aeration control and

avoids surge
Between 10 - 30%
reduction in total

energy costs

Equipment

Table 4: Optimization and retrofit interventions in STPs (El-Sheik, 2011) (Guo, Sun, Pan, & Chiang, 2019) (Revollar, Vilanova,
Vega, Francisco, & Meneses, 2020) (US EPA, 2015) (Kato, Fujimoto, & Yamashin, 2019) (EPA, 2010) (Maktabifard,

Zaborowska, & Makinia, 2018) (IBM, 2016) (Grobelak, Czerwínska, & Murtas, 2019) (Etienne & Spérandio, 2001)
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# Intervention Type of
intervention

Results in Potential
benefits

7
Sludge disposal -

Biogas
Infrastructure Production of methane, heat

and electricity
Between 20 - 40%
energy efficiency

due to use of biogas 

8
Sludge

disposal -
composting

Infrastructure Production
of low-quality compost

Requires co-
composting to

balance C:N. This
can be used as a
soil conditioner.

9
Sludge disposal -
Solar Greenhouse

drying

Infrastructure Sludge volume reduction and
production of high calorific

value granules

> 70% reduction in
sludge disposal cost

due to  volume
reduction

10
Sludge disposal -

Thermal drying
Sludge volume reduction > 70% reduction in

sludge disposal cost
due to  volume

reduction

Infrastructure

11
Optimization of
SRT, MLSS, F/M,
recycle/return

  rate, etc.

Efficient operations Optimization of
MLSS results in up to

10% reduction in
treatment costs

Process

12
Monitoring of

ammonium conc.
in the effluent and
aeration control

Optimization of aeration Cost savings are
linked to aeration
and recirculation

pumps.

Process

13
Monitoring of

nitrites in anoxic
tank

Optimization of internal
recirculation

Cost savings are
linked to aeration
and recirculation

pumps.

Process

14
Optimization of

Food to Mass ratio
Efficiency and reduced
energy requirement for

recirculation  pumps and
aeration

Cost savings are
linked to aeration
and recirculation

pumps.

Process
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# Intervention Type of
intervention

Results in Potential
benefits

15
Online monitoring

and IoT
Process Efficient operations Aprox. 15% reduction

in energy costs, 14%
reduction in

chemicals (in case
of P removal

implemented) and
17% reduction in

sludge production

16 Implementation
of chemical

phosphorous
removal

Process Increases
phosphorous removal

efficiency

Up to 7 times higher
cost compared to

biological
Phosphorous

removal

17
Stabilization of

alkalinity for
nitrogen removal

Process Increases chemical costs but
decreases energy  costs and

improves efficiency

-

18
Implementation

of biological
phosphorous

removal

Increases pollution removal
efficiency

-Infrastructure
and process

Efficient operations
19

Implementation
of nitrogen

removal

Infrastructure
and process

Increases pollution removal
efficiency, reduces aeration
requirement and reduces

sludge production

Over 30% reduction
in energy

requirements

Efficientoperations Compare with #15Efficient operationsEfficient operations
21

Pressure
monitoring,

backwash control
for membranes

Instrumentati
on

Efficient operations and
increase in the life of

membranes

Between 35 - 40% of
energy consumption

reduction

Note: The values and recommendations mentioned in the above table are based on authors'́ experience with STPs
and references from various studies globally. However, the results may vary for each project and should be applied
with expert opinion.
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Anaerobic lagoons
Facultative lagoons
Aerated ponds
Combination of the above

Horizontal sub-surface wetlands
Vertical sub-surface wetlands
Free water wetlands

Globally, about 30 million hectares of land are affected by untreated wastewater and
about 65  % of irrigated croplands in several developing countries are located within
40 km of urban areas with high levels of wastewater dependencies. About 885 million
people in such countries are exposed to high health and environmental risks (UN
Environment, 2017). In several small towns (< 10.000 P.E.) and cities, implementing a
conventional STP might not be feasible due to budget constraints for investment or
operational costs. Decentralization and implementation of low-cost or natural
treatment systems can help in balancing the trade-offs between environmental and
economic objectives.

In many small towns, stormwater and wastewater are often combined in the sewer
system and hence including detention tanks to ensure only the base flow is treated is
recommended. Wastewater treatment occurs in primary, secondary, tertiary and
advanced treatment steps depending on the technology. Primary treatment alone
with sedimentation can remove approximately 25 – 50 % of the BOD, 50 – 70 % of SS
and about 65 % of oil and greases (FAO, n.d.). 

Some low-costs treatment systems such as the following can be applied to de-
centralized or small towns:

Wastewater stabilization ponds (WSP) or lagoons

  
Constructed wetlands

# Intervention Results in

4
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Wastewater contains various organic and inorganic pollutants that are transformed
into gaseous and physical states during treatment processes. Untreated sewage on
the other hand can result in direct methane emissions depending on its discharge to
lakes, rivers, sea or stagnant water and sewers. The operations of wastewater
treatment plants can result in both direct and indirect emissions.

# Results in

5.1  Untreated sewage
Emissions from untreated sewage depends on the concentration of organic pollutants
and type of discharge. The main GHG emissions are likely to be CH4 and N2O due to
anaerobic conditions and nitrification-denitrification reactions. IPCC has devised
methane conversion factors (MCFs) for estimation of emissions from untreated
sewage (IPCC, 2006). Based on the MCFs and maximum CH4 producing capacity for
domestic wastewater, the following emissions are calculated:

Table 5: Emissions from untreated sewage (IPCC, 2006)

# GHG Source
1 CH4 Raw

sewage2 CH4

Value
0.025

0.125

Unit

kg CH4/
kg COD

Discharge
 sea, river and lake

Stagnant sewer

5.2 Treated sewage
The emissions from treatment of wastewater depends on the efficiency of operations
and pollutant removal. The STP operations can result in direct and indirect emissions.

5.2 .1  Direct  emissions

The CO2 emissions are due to the biological degradation of organic BOD and COD
and this is not considered for emission calculations as they origin from biogenic
sources (IPCC, n.d.). However, improper operations such as longer substrate
retention times (SRT) can lead to higher emissions of CO2.

The direct emissions occur because of biological degradation reactions (Campos, et
al., 2016). The main GHG emissions are CO2, CH4 and N2O.
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# Results in

The CH4 emissions might occur due to poor aeration and mixing in the biological
reaction tanks, sludge storage tanks, thickeners, etc. The CH4 emissions from
sludge disposal are considered as indirect emissions and are described later in this
report.
The N2O emissions result from the nitrogen removal processes in the wastewater
treatment plants. This is a trade-off between emissions and nutrient removal as
removal process results in the highly potent GHG emission of N2O but avoiding this
process will result in eutrophication and pollution to the downstream waterbodies
and soil.

The calculations of direct emissions for CO2, CH4 and N2O based on the pollutant
loads or the pollutant removal efficiencies are described below:

Table 6: Direct emissions from treatment of sewage (Campos, et al., 2016) (Yan, Li, & Liu, 2014) (Piao, Kim,
Kim, Kim, & Kim, 2016)

# Type Source

1 CO2
biogenic

Biological
degradation

Value

0.08

Unit

kg CO2/ kg
COD removed

Remarks
Not counted according to

IPCC recommendation
due to its biogenic source.

2 N2O
Nitrogen
removal

0.0016 kg N2O/ kg TN
removed

This is according to total
nitrogen removed in the

treatment plant

3 N2O
0.0042
0.0365

kg N2O/
kg TN 

This is according to total
nitrogen load. (i) CAS+ AD

for sludge treatment (ii)
BNR + Sludge treatment

4 CH4
Sludge

thickeners
and storage

tanks,
biological

  treatment

0.0012 kg CH4/kg COD
removed

This is according to total
nitrogen removed in the

treatment plant

5 CH4
0.0046
0.0389

kg CH4/kg BOD
(i) CAS+ AD for sludge

treatment
  (ii) BNR + Sludge

treatment

5.2 .2  Indirect  emissions

Energy consumption of STP operations: The CO2 emissions depends on the
consumption of electricity or heat (in cold climates for AD operations) and the
corresponding emission factors. This depends on the source of energy (eg:
thermal, hydroelectricity, renewable energy, etc.).

The indirect emissions can result due to the following:
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Sludge treatment and disposal: This depends on the disposal pathways for sludge
such as direct land application, composting, AD, incineration of dried sludge, etc.

The total emissions from an STP is the sum of its direct and indirect emissions as
described in the following equations:

Total Emissions =Total direct emissions+Total indirect Emissions

Total direct emissions=CO2 emissions (depending on COD or BOD degradation)
                                      +N2O emissions (depending on nitrogen removal)
                                      +CH4 emissions (depending on COD or BOD degradation)

Total indirect emissions=Emissions from energy usage for operations
                                              +Emissions from sludge treatment and disposal

Emissions from sludge treatment = Emissions from input energy for process
                                                         -Offsets due to generation of electricity and heat recovery
                                                         + Emissions related to the process



AMBIRE GLOBAL

PAGE |  13

Andreoli, C. V., Sperling, M. V., & Fernandes, F. (n.d.). Sludge Treatment and Disposal. In Biological wastewater treatment
series. IWA.

 BORDA. (n.d.). DEWATS Training material. BORDA. Retrieved from BORDA.

Campos, J., Valenzuela-Heredia, D., Pedrouso, A., Val del Rio, A., Belmonte, M., & Mosquera-Corral, A. (2016). 

Greenhouse Gases Emissions from Wastewater Treatment Plants: Minimization, Treatment, and Prevention. Journal of
Chemistry, 1-12.

 El-Sheik, A. M. (2011). Optimization and upgrading of wastewater treatment plants. Journal of Engineering Sciences,
697-713. Retrieved from http://www.aun.edu.eg/journal_files/82_J_8366.pdf

 ENERWATER. (2020). Energy benchmarking database.  Retrieved from ENERWATER: http://www.enerwater.eu/energy-
benchmarking-database/

 EPA. (2010). Evaluation of Energy Conservation measures for Wastewater treatment facilities. Washington DC: US EPA.

 Etienne, P., & Spérandio, M. (2001). Excess Sludge Production and Costs Due to Phosphorus Removal. Environmental
Technology.

 FAO. (n.d.). FAO. Retrieved from FAO: http://www.fao.org/3/t0551e/t0551e05.htm

 GIZ. (2011). Technology review of constructed wetlands. Eschborn: GIZ.

 Grobelak, A., Czerwínska, K., & Murtas, A. (2019). General considerations on sludge disposal, industrial and municipal.
In M. Prasad, M. Vithanage, V. S. Mohan, & P. d. Campos Favas, Industrial and municipal sludge : emerging concerns and
scope for resource recovery. BH.

Guo, Z., Sun, Y., Pan, S.-Y., & Chiang, P.-C. (2019, April). Integration of Green Energy and Advanced Energy-Efficient
 Technologies for Municipal Wastewater Treatment Plants. International Journal of Environmental Research and Public
Health. Retrieved from https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6479948/

 Haas, D. d., Appleby, G., Charakos, G., & Dinesh, N. (2018). Benchmarking energy use for wastewater treatment plants.
Water e-Journal. Retrieved from https://watersource.awa.asn.au/wp-
content/uploads/2018/12/Water_ejournal_V3_2_2018_De-Haas_Benchmarking_Energy_v2.pdf

 IBM. (2016, August 16). IBM Research blog. Retrieved from IBM:
 https://www.ibm.com/blogs/research/2016/08/used-iot-data-optimize-wastewater-treatment/

 IPCC. (2006). IPCC Guidelines for National Greenhouse Gas Inventories. IPCC. Retrieved from https://www.ipcc-
nggip.iges.or.jp/public/2006gl/pdf/5_Volume5/V5_6_Ch6_Wastewater.pdf

Bibl iography



AMBIRE GLOBAL

PAGE |  14

IPCC. (n.d.). IPCC. Retrieved from IPCC: https://www.ipcc-nggip.iges.or.jp/faq/faq.html

Kalbar, P. P., Karmakar, S., & Asolekar, S. R. (2012). Selection of an appropriate wastewater treatment technology: A
scenario-based multiple-attribute decision-making approach. Journal of Environmental Management, 158-169.
Kato, H., Fujimoto, H., & Yamashin, K. (2019).

Operational Improvement of Main Pumps for Energy-Saving in Wastewater Treatment Plants. Water, 1-12.
Lim, J. H. (2012). Assessment of sludge management options in a wastewater treatment plant. Massachusetts:
Massachusetts Institute of Technology.

Longo, S., Mirko d’Antoni, B., Bongards, M., Chaparro, A., Andreas, C., Fatone, F., . . . Almudena, H. (2016). Monitoring
and diagnosis of energy consumption in wastewater treatment plants. A state of the art and proposals for
improvement. Applied Energy, 1251–1268.

Magill, B. (2016, November 16). Climate Central. Retrieved from Climate Central:  
https://www.climatecentral.org/news/sewage-plants-overlooked-co2-source-20840

Maktabifard, M., Zaborowska, E., & Makinia, J. (2018). Achieving energy neutrality in wastewater treatment plants
through energy savings and enhancing renewable energy production. Rev Environ Sci Biotechnol, 655-689.
doi:https://doi.org/10.1007/s11157-018-9478-x

NGRBA. (2010). Sewage Treatment in Class I Towns: Recommendations and Guidelines. New Delhi: National Ganga River
Basin Authority (NGRBA).

Piao, W., Kim, Y., Kim, H., Kim, M., & Kim, C. (2016). Life cycle assessment and economic efficiency analysis of integrated
 management of wastewater treatment plants. Journal of Cleaner Production, 325-337.

 Revollar, S., Vilanova, R., Vega, P., Francisco, M., & Meneses, M. (2020). Wastewater Treatment Plant Operation: Simple
Control Schemes with a Holistic Perspective. Sustainability. doi:10.3390/su12030768

 Sperling, M. V. (2007). Waste Stabilization Ponds. London: IWA.

 Sun, Y., Garrido-Baserba, M., Molinos-Senate, M., Donikian, N. A., Poch, M., & Rosso, D. (2020). A composite indicator
 approach to assess the sustainability of wastewater management alternatives. Science of the Total Environment, 1-50.

 UN Environment. (2017, July 27). Un Environment. Retrieved from Un Environment:
 https://www.unenvironment.org/news-and-stories/story/untreated-wastewater-growing-danger

 US EPA. (2015). Case Studies on Implementing Low-Cost Modifications to Improve Nutrient Reduction at Wastewater
Treatment Plants. Washington DC: US EPA. Retrieved from
https://www.epa.gov/sites/production/files/2015-08/documents/case_studies_on_implementing_low-
cost_modification_to_improve_potw_nutrient_reduction-combined_508_-_august.pdf

 Yan, X., Li, L., & Liu, J. (2014). Characteristics of greenhouse gas emission in three full-scale wastewater treatment
processes. Journal of Environmental Sciences, 256-263.

Bibl iography



v ishwas@ambireg lobal .com
L inked In :  Ambi re  G lobal
www.ambi reg lobal .com


