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"We are comparable to dwarfs standing on the shoulders 

of giants (the Ancients): we therefore see more than they saw and 

we see farther than they did. What is the reason for this? It is 

neither the sharpness of our eyesight nor the superiority of our 

height, but because we are carried and lifted up by the great 

stature of giants". 

Bernard de Chartrer (1130-1160) 

“The highest among us is nothing more than someone 

nearest of the hollowness and uncertainty of everything”. 

Fernando Pessoa (1888-1935) 

“Pray and work, pretending that this life is a day of 

weeding under a hot sun, which sometimes takes longer to pass, 

but always does. And you can still have many good moments of 

joy… 

Everyone has their time and their turn: you will have 

yours”. 

João Guimarães Rosa (1908-1967) 

Good quality water is like health or freedom: it only has 

value when it runs out. 

João Guimarães Rosa (1908-1967)
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ABSTRACT 

Urban water supply and sewage systems must operate in a way that guarantees service to the 

population, optimizing the consumption of resources, environmental impacts, and energy 

depletion. Seeking to contribute to this goal, this thesis studied the applicability and reliability 

of exergy analysis as a diagnostic tool in the urban water cycle systems of Brasília, Federal 

District, Brazil. A bibliometric review conducted in the Scopus and Web of Science databases 

revealed a growing interest in applying the concept of exergy to the exergy-urban water nexus 

in water cycle systems and formed the basis for the study's methodology. Using operational 

data from both systems provided by CAESB, the steady-state processes were modeled, and 

mass, energy, and exergy balances were performed. In the city's water supply system, 2,461 m³ 

s⁻¹ of raw water are collected, 17.6% are lost in the distribution of treated water, and 72.1% 

return to the environment, closing the water balance. The electricity demand is 10.68 MW, with 

an energy intensity of 4.34 kWh m⁻³ and a specific energy of 3.6 W inhabitant⁻¹. Raw water 

pumping dominates the thermodynamic profile, where approximately 60% of the total exergy 

is destroyed and efficiencies range between 59.8% and 76.1%. At the water treatment plant, the 

exergy efficiency is 7.6%, with 53.6% of the incoming exergy related to chemical reagents, of 

which 82.9% is destroyed by internal irreversibilities. In treated water distribution, the exergy 

efficiency of pumping is 70.7%, and losses represent 43%, equivalent to 260 kW of useful 

pumping exergy. In the sewage system, wastewater treatment is the most dissipative stage of 

the cycle due to biochemical oxidation. The overall exergy efficiency of the Brasília’s UWC 

remained around 69–70% throughout the operational chain. Analyses indicated that strategies 

such as modernization of old pumps, reduction of treated water losses, and recovery of biogas 

generated in wastewater treatment plants (WWTPs) can significantly improve the operational 

performance of the both systems and the exergy efficiency of the cycle. The exergy analysis 

method, combined with the evaluation of process emissions, proved effective in identifying 

bottlenecks, guiding operational improvements, and promoting more rational use of resources. 

Finally, the study offers a replicable quantitative methodology capable of identifying critical 

points, supporting optimization actions, and contributing to the reduction of environmental 

impacts on the urban water cycle. 

KEYWORDS: Exergy analysis; urban water cycle; optimization; energy and water depletions. 

  



 

 

RESUMO 

Os sistemas de abastecimento de água e de esgotamento sanitário do ciclo da água urbana 

(CAU) devem operar de forma a garantir atendimento à população, otimizando o consumo de 

insumos, impactos ambientais e depleções de energia. Buscando contribuir neste sentido, na 

presente tese foi estudada a aplicabilidade e a confiabilidade da análise exergética como 

ferramenta de diagnóstico nos sistemas do CAU de Brasília, Distrito Federal, Brasil. Revisão 

bibliométrica feita nas bases Scopus e Web of Science revelou um crescente interesse da 

aplicação do conceito de exergia ao nexo exergia–água urbana nos sistemas do ciclo e embasou 

a metodologia do estudo. Com dados operacionais de ambos sistemas fornecidos pela CAESB, 

foram modelados os processos em regime permanente e efetuados os balanços de massa, 

energia e exergia. No sistema de abastecimento da cidade, 2,461 m³ s⁻¹ de água bruta são 

captados, 17,6% são perdidos na distribuição de água tratada e 72,1% retornaram ao meio 

ambiente, fechando o balanço hídrico CAU. A demanda de eletricidade é de 10,68 MW, com 

intensidade energética de 4,34 kWh m⁻³ e energia específica 3,6 W habitante⁻¹. O bombeamento 

de água bruta domina o perfil termodinâmico, onde cerca de 60% da exergia total é destruída e 

eficiências entre 59,8% e 76,1%. Na ETA, a eficiência exergética é 7,6%, sendo 53,6% da 

exergia de entrada relativa a reagentes químicos da qual 82,9% é destruída por irreversibilidades 

internas. Na distribuição de água tratada, a eficiência exergética do bombeamento é 70,7% e as 

perdas representam 43%, equivalendo a 260 kW da exergia útil de bombeamento. No sistema 

de esgotamento sanitário, o tratamento de efluentes é a etapa mais dissipativa do ciclo devido 

à oxidação bioquímica. A eficiência exergética global do CAU de Brasília, manteve-se em torno 

de 69–70% ao longo da cadeia operacional. As análises indicaram que estratégias como 

modernização de bombas antigas, redução de perdas de água tratada e recuperação do biogás 

gerado nas ETEs podem melhorar significativamente o desempenho operacional dos sistemas 

e a eficiência exergética do ciclo. O método da análise exergética, aliada à avaliação das 

emissões dos processos, mostrou-se eficaz para identificar gargalos, orientar melhorias 

operacionais e promover o uso mais racional de recursos. Por fim, o estudo oferece uma 

metodologia quantitativa replicável, capaz de identificar pontos críticos, subsidiar ações de 

otimização e contribuir para a redução de impactos ambientais no ciclo da água urbana. 

 

PALAVRAS-CHAVE: Análise exergética; ciclo da água urbana; otimização; depleções de 

energia e água.  
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PRESENTATION OF THE THESIS STRUCTURE 

This thesis presents the conceptual and methodological framework that underpins the 

exergetic analysis of the urban water cycle (UWC) applied to the case of Brasília, Brazil, 

addressed through two scientific articles that constitute the analytical core of the work, and is 

structured by the following two main chapters. 

Chapter One brings together the essential elements that provide the conceptual and 

methodological basis necessary for understanding the models, indicators, and procedures 

employed. This foundation is structured around three main components: 

• Introduction: contextualizes the problem, presents the scientific and operational 

relevance of applying exergy analysis to the UWC, and defines the general and specific 

objectives of the research. 

• State of the Art: encompasses the bibliometric and systematic review on the exergy–

urban water nexus, covering studies applied to water supply and wastewater systems as well as 

the literature related to greenhouse gas (GHG) emissions in sanitation processes. 

• General Considerations, Limitations and Perspectives: this section, concluding 

Chapter One, provides an interpretative synthesis of the results obtained in the two articles that 

compose the thesis. It highlights the main insights of the research, the environmental 

implications identified, the aspects requiring improvement, and the methodological limitations 

that influence the interpretation of the findings. By synthesizing these elements, the section 

bridges the theoretical foundations and practical application, guiding the reader toward the 

developments presented in Chapter Two. 

Chapter Two comprises the two scientific articles developed as part of the thesis. The 

first article presents the exergy analysis of the Brasília water supply system, examining the 

thermodynamic performance of the abstraction, treatment, pumping, and distribution stages. 

The second article, already published in an international journal 

(https://doi.org/10.1016/j.jclepro.2025.146057), provides the exergy and environmental 

assessment of the wastewater system, with emphasis on biological processes, GHG emissions, 

and resource recovery potential. 

Finally, supplementary materials are provided, including operational data, exergy 

calculations, equipment selection information, and other elements that ensure the research's 

rigor, transparency, and reproducibility. 

  

https://doi.org/10.1016/j.jclepro.2025.146057
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CHAPTER ONE 

1 INTRODUCTION 

The expansion of scientific knowledge, particularly from the nineteenth century onward, 

laid the foundation for the development of technologies based on petroleum and electricity for 

powering machines, new modes of transportation, industrial and agricultural production, the 

exploitation of natural resources, communication systems, heating, cooling, and lighting. These 

advances enabled increased food production, greater availability of consumer goods, 

improvements in urban infrastructure, health, and education, thereby transforming the 

economic and social foundations of humanity. 

Despite the occurrence of wars, epidemics, and natural disasters during this period, 

technological progress, the availability of new energy sources, and the intensive exploitation of 

natural resources (such as freshwater, minerals, metals, and timber) contributed to global 

population growth from an estimated 1.3 billion inhabitants in 1850 to 8.09 billion in 2025, 

concentrated mainly in urban areas. Conversely, climate change has been triggering 

environmental alterations and reducing the availability of natural resources, especially 

freshwater, which is essential for human and animal hydration, food production, and other 

anthropogenic activities (UN, 2025). The sustainability of cities, in addition to basic inputs, 

fundamentally depends on water supply and wastewater systems, which constitute the urban 

water cycle (UWC), illustrated by the Fig. 1.1. 

The operation of these systems requires chemical products, materials, fuels, and 

specialized labor as inputs, as well as significant amounts of electricity for abstracting raw water 

from surface or groundwater sources, transporting it to water treatment plants (WTPs), and 

performing the treatment, conveyance, storage, and distribution of potable water to consumers 

(blue color in Fig. 1.1). Subsequently, wastewater must be collected from residential, 

commercial, and industrial users, conveyed to wastewater treatment plants (WWTPs), and 

discharged as treated effluents and solid residues in a manner that causes minimal 

environmental impact (brown and grey colors in Fig. 1.1), thereby preserving public health and 

the environment. According to ANA (2022), 80% of water supplied becomes wastewater, 

treated or not, which is discharged into water bodies where nature struggles to restore it to its 

original potable state. 

Wastewater is the liquid residual resulting from domestic and industrial discharges, 

infiltration water, and parasitic stormwater inflows into the sewerage system, with its quantity 

and characteristics varying according to water consumption, season of the year, day of the week, 

time of the day, and place of origin, according to Brazilian Norm NBR 9648 (1986). 
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Figure 1.1 – General model of the conventional urban water cycle and the associated flows of 

solid waste (SW), (GHG), and exergy (EXG). Source: the Author. 

Water supply systems generally consume the largest share of electricity and inputs 

within the urban water cycle, a condition exacerbated by the high levels of treated water losses. 

For example, in 2022 the national average loss of treated urban water in Brazil reached 37.8%, 

according to the SNIS (2023), resulting in proportional depletions of electricity, chemicals and 

other treatment inputs, in addition to avoidable environmental impacts. In that year, water 

supply systems consumed 12.6 TWh of electricity - about 2.47% of the 509.6 TWh of electricity 

consumed in the country, according to the 2025 National Energy Balance (EPE, 2025), and the 

losses amounted to 4.76 TWh. 

These factors highlight the need for more effective and optimized operational control of 

water and wastewater systems. Moreover, although nearly all Brazilian municipalities have 

water supply systems, there remains a substantial deficit in wastewater collection and treatment 

infrastructure. Even where such systems exist, the quality of treatment is often inadequate, 

resulting in significant sanitary and environmental impacts (SNIS, 2023). Thus, assessing the 

nexus among energy, water, inputs, materials, and waste through reliable methods capable of 

quantifying and locating depletions, optimizing installed capacity, and identifying opportunities 

for performance improvement contributes to mitigating freshwater scarcity and preserving 

water sources, the environment, and public health. 
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One well-established assessment method is the analysis of open thermodynamic systems 

based on the two laws of thermodynamics, or energy-exergy analysis, which allows for 

comparison and quantification of exergy relationships relative to an ideal case, the exergy 

efficiency of processes, the identification of recoverable exergy (where and how energy 

consumption can be reduced), the technological potential, and the environmental and economic 

improvements. Therefore, it enhances process optimization and constitutes a more precise 

analytical tool.  

The conventional UWC is an open thermodynamic system characterized by intensive 

energy, environmental, and economic interactions, making it suitable for such an analytical 

approach. 

The literature review indicates a growing number of scientific articles applying exergy 

analysis to seawater desalination plants for urban supply, WWTPs, and river water quality 

assessments, with results validating the method’s applicability in these contexts. However, no 

studies were found applying the methodology simultaneously to both systems of the 

conventional UWC, services typically provided by urban sanitation utilities. This gap presents 

an opportunity to evaluate the method’s effectiveness and reliability in optimizing and 

mitigating depletions of water, energy, inputs, emissions, and environmental impacts within the 

operational processes of the cycle. 

The central hypothesis of this thesis is that exergy analysis, when systematically applied 

to the processes of the conventional UWC, is capable of accurately identifying where and how 

energy, water, chemical inputs, and environmental quality are depleted, thus providing a more 

precise and comprehensive basis for optimizing operational performance in water and 

wastewater systems. Under this hypothesis, exergy offers a unified thermodynamic–

environmental metric able to reveal inefficiencies that are not fully captured by traditional 

energy, hydraulic, or operational indicators. 

Based on this premise, the research seeks to answer the following guiding questions: 

• Where along the UWC do the main exergy depletions occur, and what operational, 

hydraulic, or biological mechanisms drive them? 

• To what extent can exergy efficiency and destroyed exergy quantify environmental 

impacts associated with water treatment, wastewater treatment, and resource 

consumption? 

• How do usual and optimized operating conditions compare in terms of exergy 

performance, emissions, and resource use? 

• Which process failures or inefficiencies represent the greatest opportunities for 
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improving the energy–environmental performance of the UWC? 

• Can exergy analysis be consolidated as a reliable and practical management tool for 

water and sanitation utilities? 

This hypothesis and its guiding questions establish the scientific foundation for the 

objectives of the thesis and orient the development of the models, indicators, and analytical 

procedures presented in the following sections. To investigate this hypothesis, dedicated 

process models were developed for both subsystems of the UWC, enabling the systematic 

application of exergy analysis across the abstraction, treatment, distribution, collection, and 

wastewater treatment stages. These models were subsequently validated through a 

comprehensive case study of the conventional UWC of Brasília (15°47'41.033"S and 

47°52'57.151"W), Federal District, Brazil, ensuring coherence between the theoretical 

framework and the real operational conditions of the systems. 

1.1 General Objective 

To consolidate and validate the application of exergy analysis to the processes of the 

conventional UWC, to quantify and mitigate depletions of energy, water, chemical inputs, and 

environmental impacts, and to support the optimization of operational performance in water 

and wastewater systems.  

1.2 Specific Objectives 

a) To develop and apply thermodynamic–environmental models and indicators capable 

of characterizing exergy flows, depletions, and environmental implications in the systems of 

the conventional UWC. 

b) To calculate and compare exergy efficiency, destroyed exergy, and associated 

environmental impacts under usual and optimized operating conditions, encompassing WTPs 

and WWTPs. 

c) To diagnose operational inefficiencies and process failures, identifying where and 

how exergy destruction, resource consumption, losses, and emissions occur, and to propose 

improvements that enhance the energy and environmental performance of the UWC. 

2 ESTATE OF THE ART 

2.1 Systematic Literature Review on the Exergy–Urban Water Nexus 

To support the development of this thesis, a systematic literature review was conducted 

focusing on studies that relate exergy, water, and environmental performance to the drinking 

water supply and wastewater systems of the conventional UWC. The objective was to evaluate 
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the maturity of existing approaches, the models and methods employed, their temporal 

evolution, and their scientific relevance, while avoiding methodological inconsistencies in the 

application of exergy analysis. 

The search for publications was conducted in the curated databases Web of Science 

(WoS) and Scopus, using keyword sets and logical operators to exclude articles outside the 

study’s scope. To organize and map the retrieved publications before the bibliometric analysis, 

the post-processing tools of each database and the Science Mapping Analysis Tool (SciMAT) 

software, version 1.1.04, were used, according to the recommendations of Cobo et al. (2012) 

and the methodological procedures described by Pegorin; Theisen (2019). 

2.1.1 Search Terms and Retrieved Results 

Initial searches using the keywords (exerg AND water) * in WoS and Scopus for the 

period 1997–2022 returned 6,414 and 5,889 references, respectively, including articles, 

conference papers, review articles, book chapters, editorials, and books. These volumes 

rendered an objective and targeted analysis unfeasible. 

To refine the dataset and eliminate publications outside the scope of the research, the 

following logical expression was applied: (exerg*AND water) AND (“urban water” OR “urban 

water cycle” OR “drink* water” OR “fresh water” OR “potable water” OR “water quality 

indicators” OR sewer* OR sewage OR wastewater OR sanitation) AND NOT (desalin* OR 

distil* OR solar OR osmosis OR heat* OR cooling OR power OR boiling OR coal OR 

combustion OR drying OR hydrogen OR soil OR landscape OR lakes OR wetland* OR 

industrial OR strogen).  

After refinement, the number of publications was reduced to 38 (WoS) and 47 (Scopus), 

totaling 85 articles up to 2022. A subsequent search in 2023 using the same terms identified 3 

additional articles in WoS and 5 in Scopus, leading to a final dataset of 93 publications. 

2.1.2  Pre-processing of Results 

Figure 2.1(a) presents the annual distribution of the 93 articles published between 1997 

and 2023 in the Scopus and WoS databases, highlighting the growing scientific interest in the 

exergy–urban water nexus. 
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Figure 2.1 – (a) Annual evolution of publications related to the exergy–urban water nexus 

according to Scopus and WoS databases for the final keywords. (b) maps of the main themes 

in publications between 1997 and 2023 based on the h-index method. Source: Author and 

SciMAT. 

Subsequently, the abstracts of all retrieved articles were screened for relevance, 

adherence to the exergy–urban water nexus, and alignment with the thesis objectives. Duplicate 

articles across databases and studies that, despite mentioning exergy, water, or wastewater, 

clearly addressed topics outside the scope were excluded. As a result, out of the 93 initial 

articles, 63 were removed, leaving 30 articles eligible for bibliometric and thematic analysis. 

2.1.3  Configuration, Normalization, and Thematic Network Mapping 

The 30 selected articles were analyzed using SciMAT with the h-index configuration, 

divided into three intervals: 1997–2004, 2005–2013, and 2014–2023. This approach enabled 

the evaluation of author productivity, article impact (citation counts), and the evolution of 

thematic clusters associated with the “Exergy–Urban Water” relationship. Figure 2.1(b) shows 
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the thematic evolution map for the three periods. 

Figure 2.2 – (a) Strategic diagram of themes. The vertical axis, density, represents the internal 

cohesion of the cluster, and the horizontal axis, centrality, reflects the cluster's interactions with 

other clusters, indicating its relevance to the broader research field. (b) Strategic diagram for 

keywords in 1997–2004. (c) Strategic diagram for keywords in 2005–2013. (d) Strategic 

diagram for keywords in 2014–2023. Source: SciMAT. 

A total of eight clustering tests were required to obtain a thematic grouping that reliably 

represented the exergy–urban water nexus. The overlap map revealed that among the 17 initial 

themes with strong presence between 1997 and 2004, 5 disappeared or significantly decreased, 

while 12 remained in 2005–2013. In this second period, 3 new themes were added and 3 were 

discontinued. In the third period (2014–2023), 12 themes persisted, and 4 new themes emerged. 

Across the entire timeline, 7 new themes were incorporated and 8 declined, resulting in 16 

active themes by 2023. Figure 2.2(a) presents the strategic diagram (density vs. centrality) of 

the thematic clusters. Meanwhile, Figures 2.2(b), 2.2(c), and 2.2(d) display the strategic 

diagrams for each period. 

In the 1997–2004 period, “Wastewater” and “Sanitation” emerged as motor themes, 

strongly linked to “Exergy” and “WWTPs,” while “Thermodynamics” appeared associated 
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with “Optimization” and “Urban Water.” 

In 2005–2013, the motor theme shifted to “Exergy,” connected to “WWTPs,” 

“Sewage,” “Drinking Water Treatment Plants (DWTPs),” and “Environment,” whereas “Urban 

Water” emerged as a central linking theme. 

In 2014–2023, “DWTPs” became the dominant theme, linked to “Exergy,” “Urban 

Water,” “Water,” “WWTPs,” “Wastewater,” and “Energy,” while “Hydrogen Production” 

appeared as a central theme related to energy recovery processes in WWTPs. 

2.1.4 Exergy- and Urban Water–Related Articles 

Of the 30 articles associated with the thematic clusters, the following were excluded for 

addressing content outside the scope of this thesis, despite their partial relevance: Austoni et al. 

(2007); Li et al. (2009); Marcuello et al. (2012); Wasilievski et al. (2018); Aydin et al. (2021); 

Zeng et al. (2017); Chatzipaschali; Stamatis (2015) e Rodríguez-Merchan et al. (2019)  

During 1997–2004, “Exergy” was strongly associated with “Wastewater Treatment 

Plants,” as shown in the studies by Dewulf et al. (2001), Wilsenach et al. (2003), Hellström, 

(1999), Armando et al (2003), Hellström (2003), Hellström; Kärrman (1997), Ptasinski et al. 

(1997)  

In 2005–2013, the theme evolved toward “Urban Water,” with notable contributions 

from Huang et al. (2007) and Martinez; Uche (2010) and later returned to WWTP-related 

applications Lamas et al. (2009), Lamas et al. (2010), Khosravi; Panjeshahi; Atei (2013), 

Lamas, (2013), Oliveira Jr (2013), Mora Bejarano; Oliveira Jr, (2008), Mora Bejarano (2009), 

Mora Bejarano; Oliveira Jr (2005). 

From 2014–2023, the exergy theme connected strongly to “Drinking Water Treatment 

Plants” and urban supply systems Bilgen; Bulut (2014), Bylka; Mróz (2020) and Rodríguez-

Merchan et al. (2021), as well as to environmental and effluent-quality indicators in WWTPs  

Abusoglu et al. (2017) and Fitzsimons et al. (2016). 

Several studies within the dataset addressed exergy applied to source-water or receiving-

water quality, including Armando et al. (2003), Huang et al. (2007), Rodríguez-Merchan et al. 

(2019) and Stanek et al. (2017) focused specifically on urban drinking water in Chile, 

comparing desalinated water, surface withdrawals, and deep groundwater. Bylka; Mróz (2020) 

examined a generic urban water distribution system. 

After filtering out papers outside the thesis's scope, the systematic review identified the 

studies most closely aligned with the exergy–urban water nexus and its environmental 

dimension. For the drinking water supply subsystem, the most relevant contributions were those 
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of Bylka; Mróz (2020), Rodríguez-Merchan et al. (2021) and Stanek et al. (2017). For 

wastewater systems, the key studies were Fitzsimons et al. (2016), Hellström (1999), Khosravi; 

Panjeshahi; Atei (2013), Mora Bejarano; Oliveira Jr. (2008) and Wilsenach et al. (2003).  

Consistent with the discussion in Chapter 1, the systematic review confirmed that no 

existing study addressed, in a sequential and integrated manner, all stages and processes of both 

drinking water supply and wastewater treatment within a conventional Urban Water Cycle. This 

conceptual and methodological gap substantiates the need for the integrated exergy analysis 

developed in this thesis. 

The articles selected in this section reflect the current state of the art in the exergy 

analysis of UWS systems, serving as the basis for the systematic analysis of the exergy–water 

nexus in both the drinking water supply system and the wastewater system. 

2.1.5 Exergy–water nexus in urban water supply 

The studies related to the water–exergy nexus in potable water supply systems are 

detailed in this section. In order to highlight the critical role of water resources in regions of 

Chile, Rodríguez-Merchan et al. (2021) used the cumulative exergy consumption indicator 

(𝐶𝐸𝑥𝐶), Equation (2.1), defined as the sum of the exergy of all resources required to provide a 

service or product, as proposed by Szargut (2005), assigning it to freshwater and to the energy 

required by system installations throughout their entire life cycle. 

𝐶𝐸𝑥𝐶𝑙,𝑘 =  
∑ (𝐸𝑥𝐸𝑖,𝑗

+  𝐸𝑥𝑊𝑖,𝑗
)𝑖,𝑗

𝐹𝑢
 (2.1) 

Here, 𝐸𝑥𝐸𝑖,𝑗
 (𝑀𝐽𝑒𝑥 𝑚−3) are associated with the energy of treated water  and 𝐸𝑥𝑊𝑖,𝑗

 

(𝑀𝐽𝑒𝑥) with the water entering the system, either directly (𝑖) or indirectly (𝑗), depending on the 

type of pumping (𝑙) and treatment technology (𝑘). Fu is the functional unit for treated water (1 

m3). 

The authors also employed the WSI metric (water stress index), defined as the ratio 

between total water use and availability, as well as the BWF (blue water footprint). The 

indicator 𝐶𝐸𝑥𝐶𝑙,𝑘 accounts for the exergies related to the energy consumed in potable water 

supply (𝐸𝑖,𝑗) and water production (𝑊𝑖,𝑗), as proposed by Dincer; Rosen (2013). The exergy of 

the electricity consumed corresponds to the energy required in the pumping and water treatment 

stages, following the approach used by Szargut (2005). The exergy of the annual water flow 

estimated for treatment in WTPs is determined using Equation (2.1), neglecting the potential, 

kinetic and physical energies of the water flow relative to the reference environment, resulting 

in only the chemical component (𝐸𝑥𝑊𝑖,𝑗
) from Equation (2.2). 
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𝐸𝑥𝑤 =  𝐸𝑥𝑤
0 × 𝑚𝑤 (2.2) 

Here, 𝐸𝑥𝑤 is the chemical exergy rate contained in water flows (MJex 𝑦𝑒𝑎𝑟−1); 𝐸𝑥𝑤
0  is 

the standard chemical exergy of freshwater (5 × 10−8 MJex 𝑚−3), following Szargut (2005), 

and 𝑚𝑤 is the annual flow of pumped water reaching the WTP (m³ 𝑦𝑒𝑎𝑟−1). 

Thus, the high values obtained for 𝐶𝐸𝑥𝐶 result from the higher consumption of water 

and energy, increasing the pressure on these resources and reducing the efficiency of the water–

energy nexus. 

The water bodies or water resources of an urban water supply system and a WTP were 

evaluated exergetically by Bylka; Mróz (2020) using QGIS and Python scripts, based on the 

Gouy–Stodola Theorem and the model presented by Stanek et al. (2017). Their approach relies 

on the specific exergy of water (𝐸𝐻2𝑂), given by Equations (2.3). 

𝐸𝐻2𝑂 =  𝐸𝑡 + 𝐸𝑚 + 𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐 + 𝐸𝑘 + 𝐸𝑝 (2.3) 

where 𝐸𝑡 is thermal exergy (J); 𝐸𝑚 is mechanical exergy (J); 𝐸𝑐ℎ,𝑓 is chemical exergy 

(J); 𝐸𝑐ℎ,𝑐 is concentration exergy (J); 𝐸𝑘 is kinetic exergy (J); and 𝐸𝑝 is potential exergy (J). 

Using quantitative flow components and qualitative components of total specific exergy 

(temperature, pressure, elevation, velocity, concentration, composition, and liquid 

incompressibility), they calculated exergy destruction in transformations of chemical reactions, 

heat transfer processes, mass flow, hydraulic friction, mechanical friction, diffusion, and the 

irreversibility associated with entropy generation. The expanded physical and chemical terms 

of this equation result in Equation (2.4). 

𝐸𝐻2𝑂 =  𝑐𝑝𝐻2𝑂 [𝑇 − 𝑇0 − 𝑇0 ln (
𝑇

𝑇0
)] +  𝜐𝐻2𝑂(𝑝 − 𝑝0)

+ [∑ 𝑦𝑖

𝑖

(Δ𝐺𝑓𝑖 + ∑ 𝑛𝑒𝐸𝑐ℎ,𝑛𝑒

𝑒

)𝑖]

𝑝

+ 𝑅𝑇0 ∑ 𝑥𝑖

𝑖

ln (
𝑎𝑖

𝑎0
)

+
1

2
(

𝐶2 − 𝑐0
2

1000
) + 𝑔(𝑧 − 𝑧0) 

(2.4) 

where 𝑐𝑝𝐻2𝑂 is the specific heat at constant pressure; 𝑇 and 𝑇0 are the absolute 

temperatures of the water and the reference environment (K);  𝜐𝐻2𝑂 is the specific volume of 

water (m³ kg⁻¹); 𝑝 and 𝑝0 are the system and reference pressures (Pa);  𝑦𝑖 is the number of moles 

of substance 𝑖 divided by the total mass of the solution; Δ𝐺𝑓𝑖 is the standard Gibbs free energy 

of formation of species 𝑖; 𝑛𝑒 is the number of moles of element 𝑒 forming species 𝑖, 𝐸𝑐ℎ,𝑛𝑒
 is 
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the specific chemical exergy of element e (J mol⁻1), ; 𝑥𝑖 is the molar fraction of species 𝑖; 𝑎𝑖and 

𝑎0are the activities of species 𝑖 in the system and in the reference environment; 𝑅 is the 

universal gas constant (J mol⁻1 K⁻1); 𝐶 and 𝐶0are the velocities of the water stream and the 

reference state (m s⁻1); 𝑧 and 𝑧0 denote the elevations of the stream and reference level (m); and 

g is the gravitational acceleration (m s⁻2). The subscript 0 indicates the thermodynamic 

properties of the reference water environment. 

Chemical, thermal, and potential terms may be estimated or disregarded when applied, 

for example, to river water. The total exergy of a water resource (𝐸𝐻2𝑂) represents the minimum 

energy required to restore it relative to a reference environment (RE), such as seawater, since 

both are part of the natural water cycle. Organic matter cannot be neglected. Freshwater exhibits 

two unusual physical characteristics: its distinct composition, which differs from the 

surrounding environment, and its specific distribution, which defines its concentration level; 

both intrinsic properties can be assessed through exergy analysis. 

Mass and exergy balances within control volumes, applying Equation (2.4) to the inlet 

and outlet of water sources, pumps, pipelines, WTP devices, storage tanks, distribution network 

nodes and valves, show that the greatest exergy destruction occurs due to excessive pressure in 

the water distribution networks and in the WTP pumps. Exergy analysis proves more precise 

and useful for evaluating and planning the modernization of supply systems compared to 

conventional energy-based methods. 

Stanek et al. (2017) evaluated the different exergy components of a water body and their 

relevance depending on the system or process in which water is used. A new reference 

environment was introduced to achieve a more accurate assessment of the chemical exergy of 

these resources, reaffirming the value of water for the planet. The goal of the assessment was 

to restore the natural state of water bodies according to European environmental legislation. 

Moreover, they discussed the most practical way to include the chemical exergy of organic 

matter in water bodies, highlighting its importance particularly in surface waters. 

2.1.6 Exergy–wastewater nexus 

Wilsenach et al. (2003) argue that the exergy analysis of the integrated management of 

potable water, surface water, energy, and nutrient assets reveals pathways to make wastewater 

management more sustainable, providing an effective method to quantify different recoverable 

resources such as energy and nutrients. Diluting wastewater does not reduce pollution; it merely 

destroys exergy and increases the cost of effluent treatment. Therefore, wastewater streams 

should be kept as concentrated as possible, which facilitates the recovery of energy and valuable 

minerals, such as the recovery of struvite (magnesium–ammonium–phosphate crystals) from 
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urine and the treatment of ammonium-rich streams. A gradual shift toward nutrient removal 

and recovery can be incorporated into existing WWTPs, minimizing exergy losses and making 

water and waste management more efficient and sustainable. 

Three different wastewater treatment systems in Sweden were analyzed exergetically 

by Hellström (1999). The first consisted of conventional sewage collection, nitrogen removal, 

biological and residual chemical treatment, anaerobic digestion, and sludge dewatering. The 

second included separate collection of urine and feces in specific toilets, with conventional 

treatment of the remaining domestic wastewater. The third system separated urine and 

blackwater (feces, flush water and toilet paper) into distinct fractions, with treatment either 

centrally at WWTP or on-site. 

Urine, which contains approximately 80% of nitrogen and 50% of phosphorus excreted 

by humans, is separated and stored by gravity in underground tanks adjacent to buildings. It is 

later collected and transported by trucks to nearby farms for agricultural use. Blackwater is 

collected via low-pressure vacuum systems and stored in dedicated tanks, then transported 

either through a higher-pressure system or by trucks to anaerobic digesters at WWTP for 

treatment and methane production. Promising results indicate that urine separation combined 

with enhanced chemical or biological phosphorus removal increases the overall efficiency of 

nutrient removal from wastewater. The general exergy analysis model for organic matter and 

nutrients follows the logic: 

Inputs: (a) wastewater (organic matter and nutrients); (b) WWTP operation 

(including wastewater and solids transport, chemicals, electricity, etc.); (c) waste transport 

(fuel). 

System: wastewater collection and treatment processes. 

Outputs: (a) waste (biosolids, urine, methane gas, etc.); (b) losses (discharge to 

receiving bodies). 

Total exergy was lower when urine and feces were separated at the source compared to 

the conventional nutrient-recovery treatment system. Significant exergy consumption occurs in 

the transport and dispersion of urine, although this can be reduced when source separation is 

adopted. The highest potential for exergy recovery arises from the increased number of useful 

residuals; conversely, exergy recovery decreases when wastewater is excessively diluted or 

when the urban population is large. 

In the exergy balance of the model, given by Equation (2.5), modified from Equation 

(2.3), the total exergy destroyed in the treatment process (𝐸𝑇) is the difference between the 
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exergy entering the system (𝐸𝑒), or the exergy contained in wastewater (𝐸𝑒𝑠), the exergy added 

to operate the treatment unit (𝐸𝑟𝑜), the exergy required for waste transport (𝐸𝑡𝑟), the exergy at 

the system outlet (𝐸𝑠), the exergy discharged into receiving water bodies (𝐸𝑛), the exergy of 

useful residues (𝐸𝑟𝑢) in dewatered sludge and the exergy of nutrients and methane gas produced 

(𝐸𝑛): 

𝐸𝑇 =  𝐸𝑒 −  𝐸𝑠 = (𝐸𝑒𝑠 + 𝐸𝑟𝑜 + 𝐸𝑡𝑟) − (𝐸𝑟𝑢 + 𝐸𝑛) (2.5) 

The study by Mora Bejarano; Oliveira Jr (2009) evaluated two wastewater treatment 

plants in São Paulo using the environmental exergy efficiency index (𝜂𝑒𝑛𝑣,𝑒𝑥) and the total 

environmental pollution rate (𝑅𝑝𝑜𝑙,𝑡), given by Equations (2.6) and (2.7), originally proposed 

by Kotas (1985) and applied by Makarytchev (1997) and Mora Bejarano; Oliveira Jr (2004). 

Considering negligible temperature variations of the liquid wastewater, negligible difference in 

geometric elevation between inlet and outlet, and negligible flow velocity changes in the 

WWTP, mechanical exergy (thermal, potential, and kinetic) was neglected. Thus, 

environmental sustainability indicators were determined based solely on the chemical exergy 

of organic matter, nutrients, coagulants, produced sludge and toxic metals. 

The theoretical potential for future improvements in a natural resource treatment process 

is indicated by environmental exergy efficiency (𝜂𝑒𝑛𝑣,𝑒𝑥), given by Equation (2.6): 

𝜂𝑒𝑛𝑣,𝑒𝑥 =
𝐸𝑝𝑟𝑜𝑑

𝐸𝑛𝑎𝑡,𝑟𝑒𝑠 +  𝐸𝑝𝑟𝑒𝑝  +  𝐸𝐷𝑒𝑎𝑐𝑡  +  𝐸𝐷𝑖𝑠𝑝
 (2.6) 

where 𝐸𝑝𝑟𝑜𝑑 is the exergy of the process associated with useful effect; 𝐸𝑛𝑎𝑡,𝑟𝑒𝑠 is the 

exergy of the natural resource consumed in the process; 𝐸𝑝𝑟𝑒𝑝 is the exergy required for natural 

resource extraction and preparation; 𝐸𝐷𝑒𝑎𝑐𝑡 is the exergy of additional natural resources 

destroyed during waste deactivation; and 𝐸𝐷𝑖𝑠𝑝 is the exergy related to waste disposal. All terms 

are expressed in kW. 

The environmental pollution rate, Equation (2.7), defined as the ratio between the 

exergy associated with the process wastes (contained in solids, rejected heat, emissions and the 

exergies defined above) and the exergy of the useful effect (𝐸𝑝𝑟𝑜𝑑), is also expressed in kW: 

𝑅𝑝𝑜𝑙,𝑡 =  
𝐸𝑤𝑎𝑠𝑡𝑒 +  𝐸𝐷𝑒𝑎𝑐𝑡

𝐸𝑝𝑟𝑜𝑑
 (2.7) 

The results of the exergy and environmental performance, as well as the exergy 

destruction in the processes of the two WWTPs analyzed by Mora Bejarano; Oliveira Jr (2009), 

indicated that the environmental exergy efficiency (𝜂𝑒𝑛𝑣,𝑒𝑥) of both plants is reduced due to the 
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high electricity consumption required to obtain the final product, the non-utilization of methane 

as a fuel, and the lack of use of sludge for agricultural purposes. Otherwise, efficiency would 

increase and the pollution rate would decrease. Thus, the analysis of the exergy required for 

wastewater residue deactivation is a useful tool that quantifies and optimizes the environmental 

impact and performance of energy conversion processes and offers insights for economic 

assessments, although it remains limited for evaluating toxicity and the biological quality of 

substances. 

The thermodynamic efficiency of the Qods wastewater treatment plant in Iran, which 

treats sewage from 85,000 inhabitants, was evaluated by Khosravi; Panjeshahi; Atei (2013) 

after modifications to the primary and secondary clarifiers and to the effluent quality. The 

assessment was based on the qualitative chemical exergy of biochemical oxygen demand 

(BOD) and chemical oxygen demand (COD) in wastewater and on the sustainability indicator 

for the treatment system (𝜂𝑒𝑛𝑣,𝑒𝑥 and 𝑅𝑝𝑜𝑙,𝑡).  

The plant follows a conventional configuration, consisting of preliminary treatment with 

screens, primary treatment in primary clarifiers, secondary treatment in aeration tanks and 

secondary clarifiers, followed by sand filters, chlorination units, and sludge treatment units. 

The environmental exergy efficiency (𝜂𝑒𝑛𝑣,𝑒𝑥) increased from 0.14 to 0.36, and the total 

pollution rate (𝑅𝑝𝑜𝑙,𝑡) decreased from 6.14 to 1.79, demonstrating the expected improvement 

resulting from the modifications. If the sludge is used as a fertilizer, 𝜂𝑒𝑛𝑣,𝑒𝑥 increases even 

further and 𝑅𝑝𝑜𝑙,𝑡 decreases, although harmful effects are not captured by environmental 

indicators. 

In Ireland, the study of two WWTPs with similar scale, discharge requirements, and 

treatment technologies, conducted by Fitzsimons et al. (2016), applied exergy analysis of 

simultaneous wastewater quality data and consumed resources as a useful analytical approach 

for decision-making benchmarking models. Equation (2.8), originally proposed by Kotas 

(1985) , was applied to determine the rational exergy efficiency (𝑅𝐸𝐸), defined as the ratio 

between the exergy flows of the desired output and the required inputs, including electricity 

and other contributions necessary to produce the desired effect. 

𝑅𝐸𝐸 =  
𝐸𝑥𝑒𝑓

𝐸𝑥𝑒𝑙  +  𝐸𝑥𝑖𝑛 + 𝐸𝑥𝑇𝑁,𝑇𝑃,𝑖𝑛 −  𝐸𝑥𝐿 −   𝐸𝑥𝑇𝑁,𝑇𝑃,𝑜𝑢𝑡 
 (2.8) 

where 𝐸𝑥𝑒𝑙 is the electrical exergy; 𝐸𝑥𝑖𝑛 is the exergy contained in the influent 

wastewater; 𝐸𝑥𝑇𝑁,𝑇𝑃,𝑖𝑛 is the influent nitrogen and phosphorus exergy; 𝐸𝑥𝐿 is the exergy 
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contained in the sludge; and 𝐸𝑥𝑇𝑁,𝑇𝑃,𝑜𝑢𝑡 is the effluent nitrogen and phosphorus exergy, all 

expressed in kW. 

The results of Fitzsimons et al. (2016) showed that, even in the presence of significantly 

different exergy destruction and exergy efficiency values, exergy destruction remains a useful 

tool for comparing the overall performance of WWTPs. In Plant 1, the REE was 27.5%, 

whereas in Plant 2 it reached 40.2%, attributed to differences in the composition and quality of 

the influent wastewater. 

2.2 GHG emissions in UWC 

In the current context of climate change, sanitation utilities must also adapt to carbon 

and GHG emission-reduction strategies, in accordance with the GHG Protocol, a set of widely 

used international standards for measuring and managing greenhouse gas emissions in 

companies and organizations.(FGV, 2024), as shown in Table 2.1, since such emissions are 

inevitably produced during system operations.  

The protocol defines three types of GHG emissions, categorized as Scope I, II or III, 

applicable to companies and organizations that operate production systems, including sanitation 

utilities. Therefore, emissions must be assessed to support the development of mitigation 

policies. 

Table 2.1. Classification of emissions according to the GHG Protocol. 

Scope Type of emission Definition 

I Direct emissions Results from operations that are owned or controlled by the 

reporting company or organization 

II Indirect emissions Originating from purchased or consumed electricity, steam, 

heating or cooling by the reporting entity 

III 
Other indirect 

emissions 

Not included in Scope II and occurring along the value 

chain of the reporting organization, including upstream and 

downstream emissions 

Source: FGV (2024). 

In drinking water supply systems, indirect emissions mainly arise from the electricity 

consumed, while direct emissions are associated with fuel used in transportation.  

In wastewater systems, in addition to indirect emissions from physical processes, direct 

emissions during treatment at WWTPs constitute the main mechanisms of GHG production, 

occurring under aerobic, anoxic, and anaerobic conditions, as shown in Table 2.2.  
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Table 2.2. Gas formation reactions during wastewater treatment in WWTPs. 

Conditions Reactions 

Aerobic C₆H₁₂O₆ + 6O₂ → 6CO₂ + 6H₂O 

Anoxic – nitrate reduction (denitrification) 2NO₃⁻ + 2H⁺ → N₂ + 2.5O₂ + H₂O 

Anaerobic – sulfate reduction CH₃OOH + SO₄²⁻ + 2H⁺ → H₂S + 2H₂O + 2CO₂ 

Anaerobic – CO₂ reduction 

(hydrogenotrophic methanogenesis) 

4H₂ + CO₂ → CH₄ + 2H₂O 

Anaerobic – acetotrophic methanogenesis CH₃OOH → CH₄ + CO₂ 

Source: von Sperling (2007). 

The main direct emissions during treatment processes are attributed to water vapor 

(𝐻2𝑂)𝑣, carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). Water vapor absorbs 

and emits more radiation but has a short atmospheric lifetime because it condenses, reducing 

its long-term impact. The other gases have longer-lasting atmospheric effects and must be 

quantified. 

The CO2 is generated in aerobic and anaerobic fermentation reactions, from vehicle fuel 

used to transport sludge and by direct combustion at WWTP. Although aeration produces 

substantial CO2, these emissions originate from biogenic sources linked to the natural carbon 

cycle and are disregarded in GHG inventories under Intergovernmental Panel on Climate 

Change (IPCC, 2006). Accordingly, CO2 from these sources is also disregarded in this 

assessment. 

Indirect CO2 emissions are associated with the electricity production used in treatment 

processes and are calculated using the annual average emission factor (FMA) for CO2, shown 

in Table 2.3 and published by the Brazilian Ministry of Science, Technology, and Innovation 

(MCT, 2024). 

Table 2.3. Annual average CO2 emission factor associated with electricity produced by the 

Brazilian interconnected power system. 

Year 2020 2021 2022 2023 Average 

FMA (kg CO2/kWh) 0.0617 0.1264 0.0426 0.0385 0.0673 

Source: (MCT, 2024). 

The methane (CH4) results from the anaerobic decomposition of organic matter during 

effluent treatment and sludge management. It has a global warming potential 27 times greater 

than CO2 according to the IPCC. To reduce this impact, methane is typically flared or used as 

a fuel to generate electricity or mechanical energy. 

The N2O is produced from the degradation of nitrogenous compounds (nitrates and 

proteins) during aeration. It is an intermediate product of nitrification and denitrification 

processes, influenced by operational parameters such as pH, temperature, dissolved oxygen and 
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nitrite (𝑁𝑂2
−) concentration. Daudt (2019) notes that studies on N2O emissions from WWTPs 

are still incipient in Brazil, but interest in quantifying and reporting N2O emissions is increasing. 

Emission rates vary widely due to treatment technologies, operational conditions, applied loads, 

altitude, and climate, with no consensus on their actual impact or mitigation strategies. Until 

more robust methods are established, N2O emissions continue to be estimated using the IPCC 

method, Equation (2.9): 

𝐸𝑁2𝑂,𝑊𝑊𝑇𝑃
  = 𝑃. 𝐺𝑊𝑊𝑇𝑃 . 𝐹𝐷𝑖−𝑐 . 𝐹𝐸(𝑊𝑊𝑇𝑃) (2.9) 

where 𝐸𝑁2𝑂,𝑊𝑊𝑇𝑃 is nitrous oxide emission (kg N2O year⁻1); 𝑃is the population served 

by the WWTP; 𝐺𝑊𝑊𝑇𝑃 is the utilization rate (%); 𝐹𝐷𝑖−𝑐 is the industrial–commercial discharge 

factor (standard value 1.25 according to Ribeiro (2017)  and Metcalf & Eddy (2003)); and 

𝐹𝐸(𝑊𝑊𝑇𝑃) is the individual N2O emission factor (3.2 g N2O person⁻1 year⁻1), defined by Cziepel; 

Crill; Harriss (1995) , resulting in Equation (2.10): 

𝐸𝑁2𝑂𝑊𝑊𝑇𝑃
  =  𝑃 . 𝐺𝑊𝑊𝑇𝑃 . (1.25) . ( 3.2) 

(2.10) 

Ribeiro (2017) and Daudt (2019) emphasize that the IPCC method is imprecise because 

it relies exclusively on the study of Cziepel; Crill; Harriss, (1995) conducted at the New 

Hampshire activated sludge WWTP without biological nitrogen removal, one of the earliest 

N2O monitoring studies and still used as the IPCC reference. 

Table 2.4 lists Brazilian authors who reported N2O emission factors 𝐹𝐸𝑊𝑊𝑇𝑃 higher 

than the IPCC method for WWTPs using similar treatment technologies, attributed to the factors 

discussed above. Daudt (2019) reported a high value (219.69 g N2O person⁻1 year⁻1) in an 

experimental reactor (LABEFLU) at Universidade Federal de Santa Catarina (UFSC), which 

differs substantially from real municipal WWTP conditions and was therefore excluded from 

this analysis. 

Ribeiro (2017) and Cziepel; Crill; Harriss (1995), note that, in activated sludge WWTPs 

without biological nitrogen removal, approximately 90 percent of N₂O is produced in aerated 

and non-aerated tanks, sand basins, aeration units and sludge storage tanks, like values reported 

by Brotto et al. (2010) in nutrient-removal WWTPs in metropolitan Rio de Janeiro. 
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Table 2.4. N2O emission factors in wastewater treatment processes. 

References 
g 𝑵𝟐O 𝒑𝒆𝒓𝒔−𝟏 

𝒚𝒆𝒂𝒓−𝟏 

g𝑵𝟐O 𝑳𝒂𝒇𝒇𝒍
−𝟏 *g𝑵𝟐O-N 𝐠𝑵𝑾𝑾

−𝟏 

Brotto (2011) 8.1 8.03 10⁻⁵ 0.12 

De Mello et al. (2011) 8.8 8.00 10⁻⁵ 0.11 

Brotto et al. (2010)  13 9.00 10⁻⁵ 0.14 

Ribeiro (2017) ¹ 3 3.0 10⁻⁵ 0.04 

Ribeiro (2017) ² 13.8 1.2 10⁻⁴ 0.26 

Ribeiro (2017) ³ 19.6 1.9 10⁻⁴ 0.3 

Brotto et al. (2015) 8.1 8.03 10⁻⁵ – 

Daudt (2019) 219.69 – – 

IPCC (2006) 3.2 – – 

Cziepel; Crill; Harriss, 

(1995) 

3.2 3.2 10⁻⁵ 0.035 

Ahn et al. (2010)  – – (0.01–1.8) 

Aboobakar et al. (2013)  – – (0.077–0.217) 

Yoshida et al. (2014) 8.1 8.03 10⁻⁵ 0.12 

*Based on influent TKN load. (¹) Sampled on 18/05/2010; (²) 17/02/2011; (³) 30/06/2011. 𝑁𝑊𝑊 

is the Nitrogen in Wastewater. Source: Brotto (2011) and Ribeiro (2017). 

3 GENERAL CONSIDERATIONS, LIMITATIONS AND PERSPECTIVES 

3.1 Thesis structure and synthesis of results 

The thesis was structured to evaluate, in an integrated manner, the applicability and 

reliability of exergy analysis as a diagnostic, optimization, and decision-support tool for the 

Brasília UWC. Chapter One established the conceptual and methodological foundations 

required for the development of the work, presenting the context, the general and specific 

objectives, the scientific gap identified in the literature, and the central research hypothesis. 

Subsequently, the systematic review characterized the state of the art of the exergy–urban water 

nexus, highlighting the growing relevance of the topic, the absence of studies that 

simultaneously integrate water supply and wastewater systems, and therefore the pertinence of 

the approach adopted. 

Chapter Two materialized this proposal through two complementary scientific articles 

that sequentially analyze from an exergetic perspective the two fundamental subsystems of the 

UWC: the WSS and the wastewater system.  

The first article examined the thermodynamic performance of the WSS: raw water 

abstraction, treatment, pumping, and potable water distribution. The second article, already 

published internationally, analyzed the biological wastewater treatment processes, GHG 

emissions, the irreversibilities associated with biochemical oxidation, and the potential for 

resource recovery. Together, these studies form a coherent and integrated analytical body, 
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enabling the interpretation of the UWC as a single open system from a thermodynamic 

standpoint. 

Based on the results obtained in the articles, the thesis successfully addressed the 

guiding questions presented in the introduction. The systematic application of exergy analysis 

made it possible to accurately identify where and why the main depletions of energy, water, 

and inputs occur throughout the cycle. In the WSS, raw water pumping was found to dominate 

both energy use and exergy destruction, while at the water treatment plant, most of the incoming 

exergy is associated with chemical reagents and is destroyed due to internal irreversibilities. In 

the wastewater system, the biological stages emerged as the most dissipative, corroborating the 

entropic nature of biochemical degradation processes. 

It has also been shown that exergy analysis is capable of consistently quantifying the 

environmental impacts associated with the UWC, particularly by relating destroyed exergy to 

GHG formation and natural resource consumption. The comparison between usual and 

optimized operating conditions, carried out in both articles, revealed significant potential for 

improving overall exergetic performance, especially through the modernization of old pumps, 

the reduction of treated-water losses, and the energy recovery of biogas generated in WWTPs. 

These findings allow the conclusion that the central hypothesis of the thesis was 

validated: exergy analysis, when systematically and integrative applied to the processes of the 

urban water cycle, is indeed capable of identifying and quantifying depletions of energy, water, 

inputs, and environmental quality, offering more precise indicators than traditional energy, 

hydraulic, or operational metrics. The methodology adopted demonstrated internal coherence, 

thermodynamic consistency, and the ability to support technological, operational, and 

environmental improvements in sanitation utilities. 

Thus, the contributions achieved by the thesis confirm the relevance and robustness of 

the exergo-environmental approach as a tool for management, diagnosis, and planning in the 

urban sanitation sector. The two articles that compose Part Two complement and reinforce each 

other, forming an integrated and innovative assessment of Brasília UWC, aligned with the 

scientific gaps identified in the systematic review and with the objectives defined in Part One.  

In this way, the thesis offers a replicable method, a solid analytical foundation, and a set 

of evidence that strengthens the adoption of optimization and sustainability strategies in urban 

water systems. 

3.2 Perspectives and suggestions for new research 

The analyses developed in this thesis demonstrated that the systems of Brasília UWC, 
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although fulfilling their essential role in protecting public health and mitigating environmental 

impacts on Lake Paranoá, require significant amounts of energy and inputs. The identification 

of the main exergy depletions and inefficiency points reveals substantial opportunities for 

technological and operational improvements, reinforcing the usefulness of the analyses 

performed and opening promising avenues for future developments. 

In the WSS, exergy depletions were found to be primarily associated with equipment 

inefficiencies, operational conditions, and treated water losses. This indicates potential for 

improvement through pump modernization, rationalization of input use, and enhanced loss 

control.  

Similarly, in the wastewater system, exergy recovery through the direct combustion of 

biogas produced at WWTPs and the agricultural use of dewatered sludge represent promising 

strategies to add energetic and environmental value to the generated residues. 

The application of exergy analysis and environmental assessment proved effective in 

meeting the general objective of this study, identifying relationships among energy flows, 

resource use, and environmental impacts associated with UWC systems. However, the research 

naturally faced limitations inherent to the complexity of the systems analyzed.  

Thus, further research may expand and refine the findings presented here, and the most 

relevant suggestions observed during the study include: 

a). Detailed application of the method to specific process components.  

Further analyses focusing on specific sections of the systems—considering relationships 

among the life cycle of machinery, pipelines, materials, and components of water and 

wastewater networks, as well as aspects such as service life and wear—can deepen the 

understanding of critical points and consolidate exergy as a decision-support tool. 

b). Evaluation under variable operational conditions 

The present thesis relied on data representing steady-state conditions. Future studies 

may assess exergy behavior under transient scenarios, including seasonal variations, 

consumption peaks, and rainfall events, enabling a more dynamic interpretation of system 

performance. 

c). Comparison among units with different technological configurations 

CAESB operates multiple supply and wastewater treatment units with distinct 

technological arrangements. Replicating the methodology in these additional facilities can 

allow comparisons among technologies and expand the applicability of the results. 
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d). Expansion of exergy and environmental analysis to other systems in the Federal 

District 

Given the availability of operational data, extending the approach to additional UWC 

subsystems in the Federal District can generate a broader and more robust assessment, 

strengthening the institutional use of exergy and environmental analysis. 

e). Development and evaluation of technological modernization scenarios 

Because the study revealed clear opportunities for improvement, future work may 

simulate modernization scenarios, such as replacing aging pumps, implementing advanced 

automation, enhancing loss control, and improving energy efficiency in WTPs and WWTPs. 

f) Integration of exergy, economics, and environmental analyses 

Deepening the relationships among exergy, operational costs, and environmental 

impacts may substantially contribute to investment planning in sanitation utilities, guiding 

decisions toward more efficient alternatives with lower energy and environmental burdens. 

g). Expanded assessment of circularity and material and energy flows 

The recovery of biogas and sludge highlighted in this study may be complemented by 

systematic evaluations of circularity potential, enhancing the understanding of resource 

recovery and closed-loop strategies within UWC management. 

h). Development of integrated indicators for decision-making 

The results of this thesis create opportunities for formulating composite indicators 

combining exergy, input use, operational losses, and emissions. Such indicators may support 

strategic planning and the prioritization of interventions in sanitation systems. 

i). Evaluation of the effects of regulatory parameters and public policies 

Given the central role of regulatory frameworks in the sanitation sector, future studies 

may examine how regulatory changes influence exergy and environmental performance, 

enabling better alignment between technological alternatives and policy requirements. 

Under these perspectives, the work developed in this thesis opens a broad range of 

possibilities for continuation and deepening, capable of advancing thermodynamic and 

environmental understanding of the urban water cycle and strengthening its use as a strategic 

tool for planning and managing sanitation systems.  
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ABSTRACT 

Urban water systems are among the most energy-intensive components of municipal 

infrastructure, yet their thermodynamic performance remains poorly quantified. This study 

develops an integrated Water–Exergy–Environment Nexus to evaluate the complete urban 

water cycle (UWC) of Brasília, Brazil, encompassing raw-water abstraction, treatment, 

distribution, and wastewater management. Operational data from the local utility (CAESB) 

were used to establish steady-state mass, energy, and exergy balances across all subsystems. 

The results show a total raw-water abstraction of 2.461 m3 s⁻1, with distribution losses of 17.6 

% and a return-to-environment ratio of 72.1 %, confirming the hydraulic closure of the system. 

The total electricity demand reached 10.68 MW, corresponding to an energy intensity of 4.34 

kWh m⁻3 and a specific demand of 3.6 W inhabitant⁻¹. Exergy analysis revealed that the Raw-

Water Pumping Systems dominate the thermodynamic profile, accounting for 60 % of total 

energy use and exhibiting efficiencies between 59.8 % and 76.1 %. The Water Treatment Plant 

displayed the lowest exergetic efficiency (7.6 %), with 53.6 % of its input exergy derived from 

chemical reagents and 82.9 % destroyed by internal irreversibilities. The Treated-Water 

Pumping System achieved 70.7 % efficiency, while wastewater treatment remained at the most 

dissipative stage due to biochemical oxidation. The overall exergy efficiency of Brasília’s UWC 

was approximately 69–70 %, consistent across the supply chain. Retrofitting aging pumps and 

recovering biogas from sludge digestion could significantly enhance performance. The 

proposed framework provides a replicable thermodynamic–environmental methodology for 

identifying hotspots, optimizing resource use, and guiding low-carbon strategies toward 

sustainable urban water management. 

KEYWORDS: Urban water cycle; Exergy analysis; Thermodynamic efficiency; Water–

energy nexus; Sustainable urban management. 
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INDEX SUMMARY 

UWC Urban Water Cycle 𝜂𝑝  Pump hydraulic efficiency 

WSS Water Supply System 𝜂𝑚  Motor efficiency 

WWTP Wastewater Treatment Plant 𝜂𝑚𝑝  Overall motor–pump efficiency 

WTP Water Treatment Plant 𝑐𝑜𝑠 𝜑  Power factor of electric motor 

TWPS Treated Water Pumping System 𝐸𝑒𝑙   Electrical exergy input 

RWPS Raw Water Pumping System 𝑊ℎ𝑦𝑑  Hydraulic power output (kW) 

LCA Life Cycle Assessment 𝐸𝑐ℎ Chemical exergy input 

GHG Greenhouse Gas 𝐸𝑚𝑒𝑐ℎ Mechanical exergy input 

SDGs Sustainable Development Goals 𝐸𝑡𝑜𝑡𝑎𝑙  Total exergy input 

CAESB Companhia de Saneamento Ambiental do 

Distrito Federal 

𝐸𝑜𝑢𝑡  Output exergy (useful + losses) 

CExC Cumulative Exergy Consumption 𝐸𝑠𝑙𝑢𝑑𝑔𝑒  Exergy of sludge stream (kW) 

TEC Thermo-Ecological Cost 𝐸𝑟𝑒𝑎𝑔𝑒𝑛𝑡 Exergy of reagents (kW) 

SNIS Brazilian National Sanitation Information 

System 

𝐸𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡  Exergy of treated effluent (kW) 

ANVISA National Health Surveillance Agency 𝑉 Velocity of flow (m s⁻¹) 

WEAP Water Evaluation and Planning model 𝜂𝑠𝑦𝑠 Global system efficiency 

EE Exergy Efficiency 𝜓𝑊𝑇𝑃 Exergetic efficiency of Water 

Treatment Plant 

GWP Global Warming Potential 𝜓𝑅𝑊𝑃𝑆 Exergetic efficiency of Raw 

Water Pumping System 

SD Sustainable Development 𝜓𝑇𝑊𝑃𝑆 Exergetic efficiency of Treated 

Water Pumping System 

Ẋ𝐸𝑖𝑛 Input exergy rate (kW) 𝜓𝑊𝑊𝑇𝑃 Exergetic efficiency of 

Wastewater Treatment Plant 

Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙  Useful exergy rate (kW) 𝜒𝑟𝑒𝑐  Recoverable exergy fraction 

Ẋ𝐸𝑙𝑜𝑠𝑠 Recoverable exergy losses (kW) 𝜃 Temperature (°C or K) 

Ẋ𝐸𝑑𝑒𝑠𝑡  Destroyed exergy rate (kW) 𝛥𝑥 Fractional water loss in network 

𝜓 Exergy efficiency 𝐸𝑖𝑛𝑝𝑢𝑡 𝑡𝑜𝑡𝑎𝑙
 Total exergy supplied to the UWC 

(kW) 

𝜑 Chemical-to-total input ratio 𝐸𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑𝑡𝑜𝑡𝑎𝑙
 Total exergy destroyed within 

UWC (kW) 

𝜉 Exergy destruction ratio 𝐸𝑙𝑜𝑠𝑠_𝑡𝑜𝑡𝑎𝑙  Total recoverable exergy losses in 

UWC (kW) 

𝜂 Efficiency (pump, motor or overall) 𝜓𝑡𝑜𝑡𝑎𝑙  Overall exergy efficiency of the 

UWC 

𝑃 Power (kW) BOD Biochemical Oxygen Demand 

𝜌 Density of water (kg m⁻³) COD Chemical Oxygen Demand 

𝑔 Gravitational acceleration (m s⁻²) PAC Polyaluminum chloride 

Q Volumetric flow rate (m³ s⁻¹) Ca(OH)₂ Calcium hydroxide (lime) 

H Total dynamic or manometric head (m) H₂SiF₆ Fluosilicic acid 

ṁ Mass flow rate (kg s⁻¹) Cl₂ Chlorine gas 

𝑏°𝑐ℎ Standard specific chemical exergy (kJ g⁻¹) CO₂ Carbon dioxide 

𝑥𝑖 Mass fraction of component i in mixture CH₄ Methane 

𝑇₀ Reference temperature (K) O₂ Oxygen 

𝑃₀ Reference pressure (atm) NH₄⁺ Ammonium ion 

𝛥𝑆𝑔𝑒𝑛 Entropy generation (kJ K⁻¹) NO₃⁻ Nitrate ion 

𝑊𝑒𝑙  Electrical power input (kW) WHO World Health Organization 
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1 INTRODUCTION 

Rapid urbanization and population growth have significantly increased global demand 

for energy, water, and food, intensifying environmental pressures and resource scarcity. Recent 

studies highlight the vulnerability of urban systems to interconnected crises of resource 

depletion, climate change, and water scarcity, particularly in fast-growing cities where water 

and energy demand are closely coupled (García-Sánchez, Güereca, 2019; Huang et al., 2023). 

Urban sustainability, therefore, depends strongly on the efficiency of water supply systems 

(WSS) within the broader urban water cycle (UWC), which encompasses abstraction, 

treatment, distribution, consumption, and wastewater recovery processes (Rodríguez-Merchan 

et al., 2021). 

The UWC is a complex network requiring substantial inputs of electricity, chemicals, 

and fuels. The operational performance of these systems directly affects water security, service 

reliability, and energy efficiency.  

In Brazil, despite widespread access to potable water, significant gaps remain in water 

treatment infrastructure and operational efficiency. National data indicate that WSS consumed 

12.6 TWh in 2022, accounting for 2.15% of national electricity use.  

Additionally, 37.8% of treated water was lost through leakages, leading to wasted 

resources and unnecessary emissions (SNIS, 2023). These inefficiencies highlight the urgent 

need for integrated evaluations of energy–water–environmental interactions, capable of guiding 

optimization strategies and reducing environmental impacts. 

Although traditional energy assessments provide a first approximation of system 

performance, they fail to capture the quality of energy flows and the degree of irreversibility 

inherent to transformation processes. In contrast, exergy analysis quantifies both the quantity 

and the quality of energy, enabling identification of inefficiencies and comparison between real 

and ideal processes (Fitzsimons et al., 2016).  

Its application to WSS offers a deeper understanding of thermodynamic losses and 

resource degradation, supporting more sustainable water–energy management practices. Table 

1 summarizes representative studies applying exergy analysis to water systems.  

As shown in Table 1, exergy-based approaches have been increasingly applied to 

different components of the urban water cycle, yet their scope and integration remain limited. 

Studies in Mexico (García-Sánchez, Güereca, 2019) and China (He et al., 2019; Huang et al., 

2023) highlighted the interdependence between water and energy systems, emphasizing the 

rapid rise of electricity demand in urban water management. 
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Table 1. Summary of studies applying exergy-based approaches to urban water and wastewater 

systems 

Location/year Analysis Main Contributions Ref. 

Mexico, 2019 Environmental 

and social life 

cycle assessment 

(LCA) of urban 

water systems 

Evaluated environmental and social 

impacts of the complete urban water 

cycle in Mexico City, integrating 

abstraction, treatment, distribution, 

and wastewater management to 

identify sustainability hotspots. 

(García-

Sánchez 

and 

Güereca, 

2019) 

China, 2019 Energy balance 

across the 

complete urban 

water cycle 

Quantified the total electricity demand 

for Beijing’s water production, 

distribution, consumption, and 

recycling. Demonstrated a 215 % 

increase in water-related energy use 

between 2005–2015. 

(He et al., 

2019) 

Poland, 2020 Exergy balance 

and hydraulic 

modeling of 

water 

distribution 

networks 

Developed a model for mechanical 

and potential exergy evaluation in 

urban water networks using EPANET 

and QGIS–Python scripts, identifying 

exergy destruction from friction losses 

and overpressure. 

(Bylka and 

Mróz, 

2020a) 

Chile, 2021 Exergy analysis 

combined with 

LCA in drinking 

water systems 

Integrated cumulative exergy 

consumption (CExC) with water 

stress and blue water footprint 

indicators to assess the water–energy 

nexus and highlight the 

thermodynamic cost of freshwater 

supply. 

(Rodríguez-

Merchan et 

al., 2021) 

China, 2023 Water–energy 

nexus modeling 

for urban water 

supply systems 

Assessed energy demand of water 

abstraction, treatment, and distribution 

using a WEAP-based nexus model for 

Beijing; identified optimization 

measures for reducing urban energy 

intensity. 

(Huang et 

al., 2023) 

Brazil, 2025 Exergy analysis, 

GHG 

quantification, 

and LCA applied 

to WWTPs 

Focused exclusively on Brasília’s 

North and South WWTPs. Found that 

>97 % of total input exergy was 

destroyed—mainly from unutilized 

methane (55–60 %) and electricity 

(28–31 %). Proposed biogas recovery 

scenarios improving exergy efficiency 

up to +129 %. 

(Franco et 

al., 2025) 

Brazil  Integrated mass, 

energy, exergy, 

and GHG 

analysis of the 

complete UWC 

(WSS + WWTP) 

Extends the scope of Franco et al. 

(2025) from WWTPs to the entire 

urban water system of Brasília, 

integrating abstraction, treatment, 

distribution, consumption, and 

wastewater management within the 

Water–Exergy–Environment Nexus 

framework. 

This study 
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In Europe and South America, analyses by Bylka, Mróz (2020a) and Rodríguez-

Merchan et al. (2021) demonstrated how exergy metrics can reveal mechanical losses, 

thermodynamic irreversibilities, and environmental trade-offs in distribution and treatment 

systems. More recently Franco et al. (2025) quantified exergy destruction and GHG emissions 

in Brasília’s wastewater treatment plants, demonstrating the potential for efficiency gains 

through biogas recovery. Collectively, these studies highlight important methodological 

advances but remain confined to partial segments of the urban water cycle.  

Therefore, a unified framework that simultaneously quantifies energy, exergy, and 

potential emissions across both water-supply and wastewater systems is still lacking – gap that 

this study seeks to fill. 

This study assesses the system boundaries beyond wastewater treatment to encompass 

the entire UWC of Brasília, Brazil. The proposed Water–Exergy–Environment Nexus 

integrates energy and mass balance and exergy analysis, covering raw-water abstraction, 

pumping, treatment, distribution, consumption, and wastewater management.  

The main objective is to quantify the thermodynamic and environmental performance 

of Brasília’s urban water cycle, identifying systemic inefficiencies and resource-recovery 

potential that support the transition toward sustainable and low-carbon urban water 

management.  

The methodology is replicable and scalable, providing a robust foundation for achieving 

SDGs 6, 7, 11, and 13 through data-driven decision-making in the urban water sector. 

2 METHODOLOGY 

The analysis follows sequential and interdependent steps: i) System definition and data 

collection, comprising the delineation of operational boundaries and the acquisition of design 

and operational parameters; ii) Exergy analysis, based on mass and energy balances to quantify 

the exergy flows and irreversibilities at each stage of the WSS; and iii) GHG assessment. 

Figure 1(a) shows the flowchart of the conventional water supply system evaluated in 

this study. Operational and design data, including raw water intake, treated and distributed 

water, energy consumption, chemical reagents for treatment, and residual sludge, were 

described and quantified to perform the exergy analysis of each case.  
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Figure 1. (a) Brasília’s UWS characteristics and treatment process. (b) Brasilia map indicating 

raw water collection, WTP and WWTP locations. Adapted from (CAESB, 2024)). 

2.1 WSS description 

2.1.1 Raw water collection 

Figure 1(b) shows the location of raw water collection in Brasília’s map. Raw water is 

collected from dams of Santa Maria (red indicator – 1, 15°40′08″S, 47°57′12″W, altitude 1,072 

m) and Torto (red indicator – 2, 15°41′42″S and 47°54′53″W, altitude 1,026 m), run-of-river 

from the Bananal (red indicator – 3,15°43'41.1"S, 47°54'36.4"W, altitude 1,009.6m), located at 
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Brasília National Park. 

Figure 1(b) also shows Brasilia city’s lake, Paranoá Lake. Located at an altitude of 

1,000.24 m, the lake is fed by the Torto, Santa Maria and Bananal streams, among others, and 

receives approximately 1,776 L s⁻1 of treated effluent from the Brasília South (yellow indicator 

– 5, 15°50'35.972"S; 47°54'33.063"W) and Brasília North (yellow indicator – 6, 

15°44'34.200"S; 47°52'42.754"W) WWTPs. Beyond its hydrological role, Lake Paranoá serves 

as a climatic regulator, a reservoir for a small hydroelectric plant, and a key recreational area 

for the local population. 

2.1.2 Raw water pumping stations (RWPS) 

The collected raw water is pumped to RWPS and conveyed through pipelines to the 

WTP for processing (blue indicator – 4 in Figure 1(b), 15°46´37.769"S and 47°54´23.721"W). 

WTP supplies approximately 367,000 residents in the city’s neighborhoods. The electrical, 

hydraulic, and mechanical parameters obtained from (CAESB, 2024) include suction pressure, 

discharge pressure, flow rate, rotational speed, and electrical variables such as voltage, current, 

and power factor. These data are summarized in Tables S1.1, S2.1 and S3.1 of the 

Supplementary Material (SM), along with the catalogued operational characteristics, for the 

RWPS Torto, Santa Maria, and Bananal, respectively. 

Based on the summarized data in Tables S1.1, S2.1 and S3.1 (SM), the individual pump 

efficiencies range from 61.2% to 81.8%, with overall motor–pump efficiencies between 58.8% 

and 78.6%, and power factors (cos 𝜑) varying from 0.79 to 0.93. The corresponding hydraulic 

power demand per unit ranges from 30 kW (Bananal 1) to 1,387 kW (Torto 3), while total 

electrical power inputs reach up to 1,552 kW for the largest multi-pump arrays. These variations 

reflect differences in installation age, design head, and flow conditions across the three intake 

systems. The system incorporates check valves and protection systems against hydraulic 

transients to prevent energy dissipation and operational damage. These parameters support the 

exergy calculations described in Section 2.2.  

2.1.3 Brasília WTP 

The Brasília WTP began operations in 1960 using a conventional flocculation and direct 

filtration process. In 2007, its capacity was expanded to 2,800 L s–1 with the addition of flotation 

units, automation, and sludge management systems, which increased electricity and chemical 

consumption (Figure 2). 
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Figure 2. Flowchart of the stages of the Brasília WTP treatment process. Source: The Author, with 

data from CAESB (2024). 

Currently, the plant treats about 2,461 L s–1 of raw water conveyed from the Torto and 

Santa Maria pipelines to the inlet tanks. The turbidity index, which varies seasonally according 

to the water source, determines the dosing of aluminum sulfate, ferric chloride, and quicklime 

(or hydrated lime) used for coagulation and pH adjustment. During flocculation and flotation, 

anionic and cationic organic polymers (polyelectrolytes) are added to promote particle 

aggregation, forming a sludge composed of sand, clay, organic matter, and residual chemicals. 

The sludge is centrifuged, dewatered, and transported about 40 km to a gravel pit. 

The clarified water then flows through filtration tanks, where silt is periodically 

removed by backwashing. The backwash water is diluted with raw water (up to 5 %) and 

recirculated into the process, reducing water loss and preventing discharge into the stormwater 

system that drains to Lake Paranoá. Finally, the water passes through a contact tank, where it 

receives chlorine gas for disinfection, fluorosilicic acid (or sodium fluorosilicate), and lime for 

final pH adjustment, in compliance with ANVISA and WHO standards. 

WTP consumes energy proportional to the treatment process, the operational capacity 

for internal water transport, compressor and blower drive, automation systems, flow control 

and regulation, tank and filter cleaning (backwashing), sludge removal and transportation, 

lighting, chemical pumping, treated water pumping, etc.   
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2.1.4 Transportation, storage, and distribution 

The treated water is transported through pipelines, either by gravity or pumping, to 

storage tanks that regulate supply. It then flows through distribution networks with sufficient 

pressure to fill consumer reservoirs. Topographical variations and nighttime pressure increases 

require pressure regulation to avoid losses, achieved through pressure control valves that 

dissipate excess hydraulic energy and exergy. The treated WPS attached to the Brasília WTP 

operates with IMBIL BP pumps delivering water to reservoirs and gravity-fed networks 

supplying the city and neighboring administrative regions. 

2.1.5 Wastewater treatment system 

The wastewater treatment system in Brasília, operated by CAESB, consists of two main 

WWTPs: Brasília North and Brasília South (Figure 1(b)). Both employ activated sludge 

systems with nutrient removal and tertiary polishing, ensuring protection of Lake Paranoá. The 

North and South WWTPs treat 526 and 1,250 L s⁻1, respectively, including anaerobic digestion 

of sludge for biogas production. Each plant includes preliminary screening and grit removal, 

followed by primary sedimentation. In the secondary stage, Phoredox-type reactors perform 

biological nitrogen and phosphorus removal via nitrification–denitrification. Advanced 

treatment involves coagulation with aluminum sulfate, flocculation, and flotation to remove 

residual solids and phosphorus (CAESB, 2024).  

The resulting sludge is thickened, anaerobically digested to generate biogas, and 

subsequently dewatered. The dewatered sludge is transported to the centralized sludge 

management unit in Samambaia (15.87665° S, 48.14679° W). Although methane is produced 

during digestion, it is currently flared without energy recovery. The treated effluent from both 

plants is discharged into the northern and southern arms of Lake Paranoá by gravity or pumping. 

Further methodological and operational details regarding these WWTPs, including the 

complete exergy assessment and environmental indicators, are available in our previous 

publication (Franco et al., 2025). 

To quantify the thermodynamic performance of the Brasília WSS, exergy analysis was 

applied to each subsystem described above. This approach enables a unified evaluation of 

mechanical, thermal, and chemical transformations across the raw water collection, pumping, 

treatment, distribution, and WWTP stages. By establishing control volumes and applying 

input–output exergy balances, it becomes possible to quantify the irreversible losses and 

efficiency of each operational unit.  

The following section presents the formulation adopted for the exergy components and 

their specific relevance to the water supply subsystems. 
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2.2 Exergy–Water Nexus in WSS 

The exergy analysis provides a thermodynamically consistent framework for evaluating 

the quality and degradation of energy throughout the UWC. While conventional energy 

balances quantify only the amount of energy consumed, exergy quantifies the useful work 

potential and allows identifying the irreversibilities that occur during energy transformations. 

This approach links energy efficiency with the physical quality of resources, offering a deeper 

understanding of the relationship between water, energy, and exergy (Bylka and Mróz, 2020b; 

Valero et al., 2009) 

The boundaries considered in this study include the main stages of the Brasília urban 

water infrastructure: raw water abstraction, pumping, treatment, distribution, wastewater 

collection, and treatment. Each subsystem operates under steady-state conditions and was 

modeled individually through exergy balances that account for electrical, hydraulic, chemical, 

and biological contributions. The total exergy rate for each subsystem 𝑗 is described by 

Equation (1). 

Ẋ𝐸𝑖𝑛𝑝𝑢,𝑗 =  Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙,𝑗  +  Ẋ𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝑗  +  Ẋ𝐸𝑖𝑟𝑟𝑒𝑣,𝑗 (1) 

where Ẋ𝐸𝑖𝑛𝑝𝑢𝑡,𝑗 is the total exergy supplied to subsystem 𝑗, Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙,𝑗 is the exergy 

effectively converted into useful work (hydraulic or chemical), Ẋ𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝑗  represents 

recoverable exergy losses (mechanical or thermal), and Ẋ𝐸𝑖𝑟𝑟𝑒𝑣,𝑗 corresponds to the irreversible 

destruction of exergy associated with entropy generation. 

The evaluation integrates measured operational data, including flow rate, head, 

electrical demand, and reagent consumption, for all major facilities of the Brasília Water and 

Wastewater Company. The results of each subsystem balance are subsequently aggregated to 

form the global exergy balance of the urban water system (Section 2.2.7). This structure enables 

the identification of the main sources of exergy destruction, the distinction between recoverable 

and non-recoverable losses, and the development of consistent indicators for sustainable 

process optimization within the Water–Exergy–Environment framework. 

2.2.1 Exergy Analysis of Water Pumping System 

The exergetic performance of the motor pump assembly (MPA) in the Brasília WSS was 

assessed under steady-state conditions, following the second-law formulation applied to water 

infrastructure systems (Bylka and Mróz, 2020b). Each MPA consists of a motor–pump set that 

converts electrical energy into hydraulic energy to overcome the total head losses between 

suction and discharge. The exergy balance distinguishes four contributions: the input exergy 

supplied to the electric motor, the useful hydraulic exergy transmitted to the water column, the 



 

46  

recoverable mechanical and hydraulic losses, and the irreversibilities associated with internal 

thermodynamic dissipation.  

The total exergy balance for each pumping unit is expressed as Equation (1), where 𝑗 =

𝑊𝑃𝑆. In this analysis, Ẋ𝐸(𝑖𝑛𝑝𝑢𝑡,𝑊𝑃𝑆) is the electrical exergy rate corresponding to the measured 

input power 𝑃𝑒 (Tables S1.1, S2.1, S3.1 and S6.1 (SM)) at the motor terminals, Ẋ𝐸(𝑢𝑠𝑒𝑓𝑢𝑙,𝑊𝑃𝑆) 

is the hydraulic exergy effectively transmitted to the flow, Ẋ𝐸(𝑙𝑜𝑠𝑠𝑒𝑠,𝑊𝑃𝑆) represents the 

recoverable hydraulic and mechanical losses, and Ẋ𝐸(𝑖𝑟𝑟𝑒𝑣.,𝑊𝑃𝑆) accounts for the internal 

destruction of exergy caused by viscous and electrical dissipation. The useful hydraulic exergy 

corresponds to the power delivered to the water column and is calculated as Equation (2). 

Ẋ𝐸(𝑢𝑠𝑒𝑓𝑢𝑙,𝑊𝑃𝑆)  =  𝑃ℎ  =  𝜌 𝑔 𝑋̇𝑉𝐻𝑡  (2) 

where 𝜌 is the water density (1000 kg m⁻3), 𝑔 is the gravitational acceleration (9.81 m 

s⁻2), 𝑋̇𝑉 is the volumetric flow rate (m3 s⁻1), and 𝐻𝑡  is the total dynamic head (m), equivalent 

to the measured manometric head 𝐻𝑚. The mechanical power transmitted through the shaft is 

obtained as Equation (3). 

𝑃𝑠  =  
𝑃ℎ

𝜂𝑏
 

(3) 

where 𝜂𝑏 is the pump hydraulic efficiency (Tables S1.1, S2.1, S3.1 and S6.1 (SM)). 

Consequently, the recoverable exergy losses, associated with hydraulic and mechanical 

imperfections inside the pump, are determined by Equation (4). 

 Ẋ𝐸(𝑙𝑜𝑠𝑠𝑒𝑠,𝑊𝑃𝑆) = 𝑃𝑠 − 𝑃ℎ = 𝑃ℎ(1/𝜂𝑏 − 1) (4) 

The exergy destruction term, related to the irreversibilities in the electric motor and 

internal conversion processes, is defined as Equation (5). 

Ẋ𝐸(𝑖𝑟𝑟𝑒𝑣.,𝑊𝑃𝑆) = 𝑃𝑒 − 𝑃𝑠 = 𝑃ℎ(1/𝜂𝑔 − 1/𝜂𝑏) (5) 

where 𝜂𝑔 = 𝜂𝑚 𝜂𝑏 is the overall efficiency of the motor–pump assembly and 𝜂𝑚 is the 

motor efficiency. Finally, the exergetic efficiency (Equation (6)) of each MPA is expressed by 

the ratio between the useful hydraulic exergy and electrical input exergy: 

𝜓𝑊𝑃𝑆  =  
Ẋ𝐸(𝑢𝑠𝑒𝑓𝑢𝑙,𝑊𝑃𝑆)

Ẋ𝐸(𝑖𝑛𝑝𝑢𝑡,𝑊𝑃𝑆) 
=  

𝑃ℎ

𝑃𝑒
 =  𝜂𝑔 (6) 

All exergy terms were expressed in kW for direct comparison with the electrical and 

hydraulic powers measured in the field. Flow and head data were converted to m3 s⁻1 and m, 
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respectively, using the physical parameters of water. The closure of the exergy balance was 

verified by computing the residual term |Ẋ𝐸𝑖𝑛𝑝𝑢𝑡  −  Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙  −  Ẋ𝐸𝑙𝑜𝑠𝑠𝑒𝑠  −  Ẋ𝐸𝑖𝑟𝑟𝑒𝑣|, which 

remained within the acceptable numerical tolerance for each operating condition. This 

formulation enables distinguishing between recoverable mechanical losses and irreversible 

exergy destruction, providing a thermodynamically consistent representation of energy 

degradation in the WPS.  

2.2.2 Exergy Analysis of Water Treatment Plant 

The exergy balance of the Brasília WTP was established under steady-state conditions, 

considering the main mechanical and chemical processes involved in water clarification. 

Following the general formulation for exergy balance presented in Equation (1), the total input 

exergy supplied to the WTP (𝑋̇𝐸(𝑖𝑛𝑝𝑢𝑡,𝑊𝑇𝑃) equals the sum of the useful exergy of the treated 

water, the recoverable exergy associated with the sludge stream, and the irreversibilities 

generated by internal thermodynamic processes (𝑋̇𝐸𝑖𝑟𝑟𝑒𝑣,𝑊𝑇𝑃) (Mora and De Oliveira Jr, 2006). 

Accordingly, the input exergy of the subsystem, Equation (7) is expressed as the sum of the 

mechanical and chemical contributions. 

𝑋̇𝐸𝑖𝑛𝑝𝑢𝑡,𝑊𝑇𝑃 = 𝑋̇𝐸𝑚𝑒 ,𝑊𝑇𝑃 + 𝑋̇𝐸𝑐ℎ,𝑊𝑇𝑃 (7) 

The mechanical component 𝑋̇𝐸𝑚𝑒 ,𝑊𝑇𝑃, represents the conversion of electrical energy 

into mechanical work performed by the electromechanical equipment of the treatment plant. 

Unlike the raw-water pumping stations, where the hydraulic exergy is determined, the internal 

processes of the WTP occur under nearly atmospheric conditions and do not involve significant 

pressure-head differences. Therefore, the mechanical exergy of the WTP was quantified 

directly from the total measured electrical power input of each motor-driven device (from 

CAESB (2024)) such as agitators, recirculation pumps, air compressors, scrapers, and auxiliary 

systems, as reported in Table 6.1 (SM). The sum of these electrical inputs represents the total 

mechanical exergy supplied to the treatment process. This approach follows the exergy 

formulation for non-pressurized systems, in which electrical work is fully equivalent to 

mechanical exergy (Szargut et al., 1988; Kotas, 1985; Valero et al., 2007). 

The chemical component of the liquid phase (𝑋̇𝐸𝑐ℎ,𝑊𝑇𝑃) accounts for the potential 

energy associated with the reagents used during coagulation, flocculation, pH adjustment, 

disinfection, and fluoridation. For each reagent 𝑖, the chemical exergy rate is determined by 

Equation (8). 

𝑋̇𝐸𝑐ℎ,𝑖 =  𝑚𝑖  𝑏𝑐ℎ,𝑖 (8) 
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where 𝑚𝑖 is the reagent mass-flow rate (g s⁻1) and 𝑏𝑐ℎ,𝑖 is its specific chemical exergy 

(kJ g⁻1). The total chemical exergy input is therefore determined by Equation (9). 

𝑋̇𝐸𝑐ℎ,𝑊𝑇𝑃 = ∑ 𝑚̇𝑖𝑏𝑐ℎ,𝑖

𝑖

 
(9) 

The specific exergy coefficients 𝑏𝑐ℎ,𝑖 were obtained from Szargut, Morris and Steward 

(1988) and correspond to the reagents employed at the Brasília WTP: polyaluminum chloride 

(PAC, 40 kJ g⁻1), calcium hydroxide (Ca(OH)2, 2.3 kJ g⁻1), fluosilicic acid (H2SiF6, 0.52 kJ 

g⁻1), chlorine gas (Cl2, 2.46 kJ g⁻1), and anionic polyelectrolyte (40 kJ g⁻1). Their corresponding 

mass-flow rates are provided in Table 7.1 (SM), derived from CAESB (2024). The useful 

exergy of the subsystem corresponds to the potential energy carried by the treated water at the 

outlet (𝑋̇𝐸𝑢𝑠𝑒𝑓𝑢𝑙,𝑊𝑇𝑃), representing the fraction of total input exergy that remains available for 

the distribution network. 

In parallel, the chemical exergy of the solid phase (sludge) is evaluated independently 

as the recoverable exergy losses of the process. The corresponding rate is expressed by Equation 

(10). 

𝑋𝐸̇𝑐ℎ,𝑠𝑙𝑢𝑑𝑔𝑒 = ∑ 𝑚̇𝑠𝑙𝑢𝑑𝑔𝑒,𝑘  𝑏𝑐ℎ,𝑘

𝑘

 
(10) 

where 𝑚̇𝑠𝑙𝑢𝑑𝑔𝑒,𝑘 (g s⁻¹) represents the mass flow rate of compound 𝑘 within the sludge 

and 𝑏𝑐ℎ,𝑘 (kJ g⁻¹) is its specific chemical exergy. The sludge composition reflects organic matter 

and metal oxides primarily derived from natural suspended solids and reagent residues; the 

quantitative specification used in the calculations is summarized in Tables S8.1 and S9.1 (SM) 

which lists concentrations, molar masses, and the standard specific chemical exergies adopted 

for the main constituents (CAESB (2024)). The internal exergy destruction term (𝑋̇𝐸𝑖𝑟𝑟𝑒𝑣,𝑊𝑇𝑃) 

represents the portion of exergy degraded by hydraulic friction, mixing, and chemical-reaction 

irreversibilities within the unit operations. This framework links each measurable term of 

Equation (1) to its thermodynamic role within the WTP, distinguishing the contributions of the 

liquid and solid phases and providing a coherent basis for the exergetic-efficiency evaluation 

presented in subsequent sections. 

2.2.3 Exergy Analysis of Water Distribution 

In the water distribution subsystem, exergy accounting follows Equation (1), which 

quantifies the depleted exergy flux (𝑋̇𝐸𝑝) associated with treated water losses across the 

distribution network. These losses arise from both real and apparent components. Real losses 
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correspond to leakages, pipe ruptures under overpressure, particularly during nighttime 

operation, aging infrastructure, and malfunctioning seals, valves, or flow control devices. 

Apparent losses, in turn, include metering inaccuracies, unauthorized connections, and 

calibration or reading errors. Together, these phenomena result in significant depletion of useful 

energy and water resources within the Brasília WSS. 

The treated water pumping system (TWPS) is responsible for conveying approximately 

1,200 L s⁻1 of treated water from the WTP to the city reservoir. The station is equipped with 

four MPAs arranged in a (3 + 1) configuration, comprising IMBIL BP 300-340A centrifugal 

pumps with 380 mm impellers, coupled to WEG electric motors rated at 285 HP (212.5 kW) 

operating at 1,750 rpm. The system is automated by programmable logic controllers and 

operated through frequency inverters to regulate flow and head. Operational data, and 

performance and exergy balance of the TWPS are detailed in Tables S6.1, S10.1a and S10.1b 

(SM). 

Under current operating conditions, the average flow rate is 857.97 L s⁻1, corresponding 

to the “Average” condition in Table S10.1a (SM), which represents the steady-state 

configuration typically observed between 2020 and 2023. This station supplies urban areas 

surrounding Brasília and exports part of the treated water to nearby cities. 

The total water loss in supply networks is calculated using the Total Loss Index (𝐼𝑃) 

and the Loss Index per Connection (𝐼𝑃𝐿), defined in Equations (S1.1) and Table S11.1b (SM) 

according to the methodology of the National Sanitation Information System (SNIS – Sistema 

Nacional de Informações sobre Saneamento, 2023). The exergy depletion rate is then 

determined by multiplying the useful exergy rate (𝑋̇𝐸𝑢) of the treated water by the measured 

loss index (𝐼𝑃), as shown in Equation (11). 

𝑋̇𝐸𝑃 = 𝑋̇𝐸𝑢 × 𝐼𝑃 = 1,480.18 × 𝐼𝑃 (11) 

This formulation allows translating the physical water losses of the distribution system 

into thermodynamic inefficiencies, representing the portion of available exergy destroyed due 

to uncontrolled leaks and operational deficiencies. Preventive maintenance of pressure control 

systems and real-time network monitoring, through macro-metering and automated valves, are 

key strategies to reduce such exergy depletion and enhance the overall sustainability 

performance of the water distribution subsystem. 

2.2.4 Exergy Analysis of the Wastewater Treatment Plants 

The detailed exergy characterization of the Brasília WWTPs was originally conducted 

by (Franco et al., 2025), who quantified the physical, chemical, and electrical exergy flows 
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across the main treatment units, including aeration tanks, secondary sedimentation, and sludge 

handling. Our previous study provided a comprehensive dataset of steady-state measurements 

and exergy balances that serve as the foundation for the present work. Here, these results are 

integrated within the broader exergy–water nexus assessment to ensure consistency and 

comparability with the other subsystems of the urban water cycle. 

Therefore, the exergy analysis of the WWTP follows the thermodynamic formulation 

and results from (Franco et al., 2025) for the Brasília UWC, applying the general balance 

expressed in Equation (1). This approach integrates the physical, chemical, and electrical 

contributions of exergy to characterize the system performance and quantify internal 

irreversibilities throughout the treatment stages. 

Under steady-state conditions, the total input exergy (Ẋ𝐸𝑖𝑛𝑝𝑢𝑡,𝑊𝑊𝑇𝑃) consists of: (i) the 

physical exergy of the influent wastewater (Ẋ𝐸𝑝ℎ,𝑖𝑛), which represents the enthalpy and pressure 

potential relative to the environmental reference state; (ii) the chemical exergy of dissolved and 

suspended pollutants (Ẋ𝐸𝑐ℎ,𝑖𝑛), mainly associated with organic and nutrient content; and (iii) 

the electrical exergy (Ẋ𝐸𝑒𝑙) consumed by aeration, pumping, and sludge-handling subsystems. 

The total output exergy includes the exergy effectively delivered through the treated effluent 

and stabilized sludge (Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙,𝑊𝑊𝑇𝑃), the recoverable losses such as residual heat or unutilized 

biogas (Ẋ𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝑊𝑊𝑇𝑃), and the exergy destruction due to thermodynamic irreversibilities 

within biological and mechanical units (Ẋ𝐸𝑖𝑟𝑟𝑒𝑣,𝑊𝑊𝑇𝑃). For detailed information, see data on 

Franco et al. (2025). 

The chemical exergy of wastewater was determined based on its organic-matter load, 

primarily characterized by the chemical oxygen demand (COD). Following the correlation 

adopted by Franco et al. (2025). This formulation enables the quantification of exergy directly 

from routine monitoring data, ensuring compatibility with the measurements used for the 

Brasília WWTPs (Franco et al., 2025). All exergy flows were normalized to the environmental 

reference state (T₀ = 298 K; P₀ = 1 atm) to ensure comparability with other subsystems of the 

water supply and sanitation system. 

The useful exergy corresponds to the exergy retained in the treated effluent (Ẋ𝐸𝑝ℎ,𝑜𝑢𝑡 +

 Ẋ𝐸𝑐ℎ,𝑜𝑢𝑡) and, when applicable, in recovered energy carriers such as biogas or heat from sludge 

digestion. In systems without biogas recovery, the useful term is mainly represented by the 

physical exergy of the discharged effluent. 

2.2.5 Exergy Balance and performance indicators 

The overall exergy balance of the Brasília UWC was established by aggregating the 
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subsystem balances presented in Sections 2.2.1 to 2.2.4, which encompass raw-water 

abstraction, pumping, water treatment, distribution, and wastewater collection and treatment. 

Each subsystem was evaluated under steady-state conditions using measured data of flow rate, 

head, and electrical consumption. The global exergy balance of the integrated system is 

obtained by summing up the contributions of all subsystems, as expressed by Equation (12) 

(Kotas, 1985; Szargut, 1989). 

∑ Ẋ𝐸𝑖𝑛𝑝𝑢𝑡,𝑗

𝑗

=  ∑ Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙,𝑗

𝑗

+ ∑ Ẋ𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝑗

𝑗

+ ∑ Ẋ𝐸𝑖𝑟𝑟𝑒𝑣,𝑗

𝑗

 
(12) 

To quantitatively assess the thermodynamic performance of each subsystem, three 

dimensionless indicators were adopted: the exergetic efficiency (𝜓), the exergy destruction 

ratio (𝑦𝑖𝑟𝑟𝑒𝑣), and the chemical-to-total input ratio (𝜒, for the WTP). These parameters were 

derived from the overall exergy balance and enable direct comparison of system performance 

across subsystems of the urban water supply chain. The exergetic efficiency (𝜓) expresses the 

fraction of total exergy input converted into useful output, as defined in Equation (13) (Mora, 

Oliveira Jr, 2006). 

𝜓 =
Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙,𝑡𝑜𝑡

Ẋ𝐸𝑖𝑛𝑝𝑢𝑡,𝑡𝑜𝑡

 
(13) 

where 𝐸̇𝑢𝑠𝑒𝑓𝑢𝑙(kW) represents the useful exergy associated with the treated water and 

𝐸̇𝑖𝑛(kW) denotes the total exergy input, including electricity, chemical reagents, and fuel. This 

indicator quantifies the degree of thermodynamic recovery achieved by the treatment process. 

The exergy destruction ratio (𝑦𝑖𝑟𝑟𝑒𝑣) evaluates the share of total exergy degraded within 

the system due to irreversibilities associated with mechanical friction, viscous mixing, and 

chemical reactions, as given by Equation (14). 

𝑦𝑖𝑟𝑟𝑒𝑣 =
𝐸̇𝑖𝑟𝑟

𝐸̇𝑖𝑛

 
(14) 

where 𝐸̇𝑖𝑟𝑟(kW) corresponds to the exergy destroyed internally and 𝐸̇𝑖𝑛is the total 

exergy input. High values of 𝑦𝑖𝑟𝑟𝑒𝑣indicate substantial thermodynamic degradation, 

highlighting opportunities for process optimization. 

Finally, the chemical-to-total input ratio (𝜒) quantifies the relative contribution of 

chemical reagents to the total exergy input, as defined in Equation (15). 
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𝜒 =
𝐸̇𝑐ℎ𝑒𝑚

𝐸̇𝑖𝑛

 
(15) 

where 𝐸̇𝑐ℎ𝑒𝑚(kW) is the chemical exergy associated with all reagents used during 

treatment and 𝐸̇𝑖𝑛is the total exergy input. This parameter reflects the dominance of chemical 

over mechanical exergy and supports the identification of strategies to minimize reagent 

consumption and associated exergy losses. 

To ensure consistency of the thermodynamic analysis, the integrated system was first 

verified for mass conservation under steady-state conditions. The global mass balance of the 

urban water cycle was expressed as Equation (16). 

𝑉̇𝑖𝑛 = 𝑉̇𝑜𝑢𝑡 (16) 

where 𝑉̇𝑖𝑛 represents the total raw-water inflow, and 𝑉̇𝑜𝑢𝑡 corresponds to the sum of 

treated effluent, distribution losses, and consumptive, defined by Equation (17). 

𝑉̇𝑜𝑢𝑡 = 𝑉̇𝑡𝑟𝑒𝑎𝑡𝑒𝑑 + 𝑉̇𝑙𝑜𝑠𝑠 + 𝑉̇𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑣𝑒 (17) 

The integrated balance provides a quantitative basis for linking energy consumption, 

exergy degradation, and process performance across the water–wastewater continuum, 

supporting the development of strategies for energy recovery, optimization, and carbon-neutral 

operation (Bylka, Mróz, 2020b; Valero et al., 2009) 

2.3 GHG Emissions Assessment 

GHG emissions associated with the operation of Brasília’s UWC were estimated 

following the GHG Protocol Corporate Accounting Standard (WRI & WBCSD, 2004) and 

national guidelines from the Brazilian Ministry of Science, Technology, and Innovation (MCTI, 

2024).  

Indirect emissions (Scope II) were calculated from electricity consumption in all 

subsystems using the average grid emission factor of 0.0673 kg CO2 kWh⁻1, representative of 

Brazil’s 2020–2023 energy mix. Direct emissions (Scope I) were calculated considering only 

the diesel consumed in sludge transport trucks, with a CETESB emission factor of 2.60 kg CO2 

L⁻1 and consumption of 0.94 L h⁻1 (Cetesb, 2024). In water treatment processes, there is no 

practical production of CH4 or CO2. 

The total hourly and annual emissions were derived by multiplying subsystem power 

demand by the respective emission factors, yielding both subsystem and system-wide carbon 

footprints. These data enable a combined thermodynamic–environmental evaluation linking 
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exergy destruction, energy intensity, and GHG output across the entire UWC. 

3 RESULTS 

The results refer to the urban water cycle of Brasília, encompassing raw water 

abstraction, pumping stations, water treatment, distribution, and wastewater treatment, 

according to the system boundaries defined in Section 2. Operational averages and design 

parameters used in the exergy analysis were obtained from CAESB and consolidated in Tables 

S1.1 to S4.1b, S6.1 to S9.1, S10.1 to S11.1b and S12.1 (SM), representing steady-state 

operating conditions. 

3.1 Mass Flow Analysis 

Figure 3 shows the Sankey diagram of the UWC of Brasilia. Quantitative mass flow 

assessment provides the foundation for subsequent energy and exergy analyses and validates 

the global mass balance established in Section 2.2.5. This verification ensures that all inflows 

and outflows of the UWC are conserved under steady-state conditions. The total raw water 

abstraction of 2.461 m³ s⁻¹, supplied by the Torto, Santa Maria, and Bananal systems, reaches 

the WTP without measurable volumetric losses along the pumping stages. Within WTP, the 

backwash water, representing up to 5% of the filtration flow, is fully recirculated to the raw 

water inlet, ensuring no net discharge. The treated water (2.461 m³ s⁻¹) is conveyed to the 

distribution network, where volumetric losses of 0.433 m³ s⁻¹ (17.6%) occur, resulting in an 

effective delivery of 2.028 m³ s⁻¹ to consumers. Of this amount, 1.776 m³ s⁻¹ returns to the 

WWTPs, while 0.252 m³ s⁻¹ corresponds to non-sewered consumptive uses such as irrigation, 

infiltration, leaks in collector pipes, and evaporation. The treated effluent discharged into Lake 

Paranoá completes the hydrological loop of the Brasília UWC.  

Table S12.1 (SM) presents the validation of the mass flow data adopted for the Brasília 

UWC. The overall mass balance confirmed that total inflows (2.461 m³ s⁻¹) equaled the sum of 

treated water effluent, distribution losses, and consumptive uses (1.776 + 0.433 + 0.252 m³ s⁻¹), 

with a closure deviation below 0.02 %, validating the internal consistency of the dataset. The 

total inflow to the WTP of 2.461 m³ s⁻1 is fully consistent with the nominal design capacity of 

the facility, historically rated at 2.8 m³ s⁻1 (≈ 240 × 10³ m³ day⁻¹) according to CAESB’s records. 

This magnitude is therefore representative of a large-scale metropolitan plant and accurately 

reflects the operational conditions of the system. The quantified distribution losses of 0.433 m³ 

s⁻¹ (≈ 17.6%), corresponding to 37.4 × 10³ m³ day⁻¹, fall within the expected range for well-

maintained urban networks. National averages reported by SNIS (2023) indicate overall losses 

of approximately 36%, while Brasília’s central supply zones typically exhibit values below 

20%, confirming the physical plausibility of the adopted estimate. 
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The effective delivered water of 2.028 m³ s⁻1 (175.22 × 103 m3 day⁻1) represents the 

volume supplied to consumers served by the Brasília WTP. Considering the metropolitan 

population of roughly three million inhabitants and the contribution of additional systems such 

as Descoberto and Pipiripau, this flow corresponds to a realistic average of about 180 L per 

capita per day, in agreement with official demand statistics for the Federal District. The influent 

to the WWTPs, equal to 1.776 m3 s⁻1 (153 × 103 m3 day⁻1), also matches CAESB’s operational 

data for the North (≈ 45 × 103 m3 day⁻1) and South (≈ 108 × 103 m3 day⁻1) facilities, confirming 

the representativeness of the adopted values. 

The non-sewered fraction, estimated at 0.252 m3 s⁻1 (≈ 20% of delivered water), is 

consistent with findings from previous urban water studies, which report that approximately 

15–25% of distributed water in semi-arid regions corresponds to non-recoverable consumptive 

uses such as irrigation, infiltration, and evaporation (Gleick and Palaniappan, 2010; Mitchell et 

al., 2001). The resulting global return efficiency of approximately 72% (1.776/2.461) indicates 

that nearly three-quarters of the abstracted water reenters the environment as treated effluent, 

reflecting the operational performance expected in fully sewered and treated urban systems. 

Collectively, these results confirm that the mass flow parameters used in this study are 

physically realistic, statistically representative, and well aligned with observed operational 

conditions in Brasília’s water infrastructure. 

 

Figure 3. Sankey diagram of mass flow diagram of Brasília’s UWC. Flow rates represent 

steady-state conditions derived from operational averages. 

From a systemic perspective, the established mass balance reveals the strong 
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interdependence among abstraction, treatment, and recovery processes, confirming the 

hydraulic integration of the Brasília UWC. Based on the quantified flows, two performance 

indicators were derived to characterize the system’s operational efficiency. The distribution loss 

index was determined as the ratio between volumetric losses and total abstraction flow, 

0.2425/2.461=9.9%, representing the fraction of water lost within the network before reaching 

consumers. The return-to-environment ratio, obtained by dividing the total treated effluent by 

the abstraction flow, 1.776/2.461=72.1%, expresses the portion of abstracted water that is 

ultimately returned to the environment after treatment. These values indicate that the Brasília 

system performs within the range expected for modern urban networks, with distribution losses 

below 10 % and a high level of effluent recovery characteristic of fully sewered and treated 

cities. Maintaining such balanced throughput ensures the hydraulic and environmental stability 

of the urban water cycle and establishes a robust physical foundation for the subsequent exergy 

analysis, in which the energy conversion and destruction mechanisms of each subsystem are 

examined in detail. 

3.2 Energy analysis 

The distribution of electrical energy throughout the Brasília UWC reflects the strong 

dependence of the system on pumping operations and topographical elevation differences 

between abstraction and consumption areas. Electricity constitutes nearly the entire external 

energy input, totaling approximately 6,412 kW for the active pumping assemblies, while a 

minor contribution of 8.6 kW arises from diesel consumption associated with sludge transport 

from WTP to disposal sites. Although this contribution represents only 0.13 % of the total 

energy input, it was retained in the balance to ensure completeness and consistency with the 

system boundaries adopted for the exergy assessment. 

Figure 4 summarizes the distribution of electricity consumption across the main 

components of the Brasília UWC. Figure 4(a) shows the energy demand of the MPAs at the 

Torto, Santa Maria, and Bananal subsystems. The highest consumption occurs at the Torto 

subsystem, where the combined operation of pumps T01, T02, and T03 accounts for 

approximately 49.8 % of the total electricity used for raw-water pumping. The Santa Maria 

subsystem, composed of pumps SM05 and SM06, contributes 35.6 %, while the Bananal 

subsystem (B08 + B09) accounts for the remaining 14.6 %. This distribution confirms the 

predominance of hydraulic energy requirements in the Torto and Santa Maria subsystems due 

to their larger flow rates and elevation heads. 

Figure 4(b) presents the internal energy distribution within the WTP, where the 

recycling pumps and filter-washing operations together represent more than 60 % of the total 
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electricity consumption of the plant. Other processes, such as flocculation, backwashing 

blowers, and air-flotation compressors, account for smaller fractions, consistent with their 

limited mechanical load and shorter operating cycles. The internal composition of WTP’s 

energy use highlights the predominance of mechanical operations over chemical or thermal 

contributions. Figure 4(c) aggregates the total electricity consumption of each subsystem, 

including the Brasília North (N-WWTP) and South (S-WWTP), which consume 1 164.6 kW 

and 1 890.2 kW, respectively (Franco et al., 2025). When integrated into the UWC balance, 

these units increase the total electricity demand to 10.68 MW. The raw-water pumping systems 

dominate the energy profile, accounting for 60.0 % of total electricity use, followed by the S-

WWTP (17.7 %), N-WWTP (10.9 %), WTP (5.8 %), and TWPS (5.6 %).  

 
Figure 4. Energy demand distribution in the Brasília WSS. (a) Power consumption of the MPAs 

at the Torto (T), Santa Maria (SM), and Bananal (B) subsystems; (b) internal energy allocation 

among unit operations of the WTP; and (c) overall contribution of each subsystem to total 

electricity consumption between RWPS, WTP, TWPS, N-WWTP and S-WWTP. Values are 

derived from operational averages reported in Tables S4.1a, S4.1b, S6.1and S10.1a (SM) and 

Franco et al. (2025). 
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This distribution is typical of gravity-deficient supply systems, where high elevation 

differences require intensive hydraulic work at the abstraction stage, while wastewater 

treatment represents a significant share of the operational energy footprint due to aeration and 

recirculation processes. 

Overall, the energetic characterization demonstrates that the Brasília WSS operates 

under a pump-dominated configuration, with energy demand strongly concentrated in the raw 

water pumping units. These findings provide a quantitative foundation for the subsequent 

exergy analysis and LCA, which evaluates the quality of energy use and identifies the main 

sources of irreversibility within the system. 

In addition to the subsystem-specific results, the integrated energy performance of 

Brasília’s UWC reveals key operational indicators derived directly from the measured data. The 

overall electricity demand of 10.68 MW, when normalized by the treated water flow rate of 

2.461 m³ s⁻1, corresponds to an energy intensity of 4.34 kWh m⁻3. The allocation of electricity 

between the supply and sanitation sectors shows that about 71 % of the total energy is used for 

water abstraction, treatment, and distribution, while 29 % is associated with wastewater 

treatment. On a population basis, considering approximately 3.0 million inhabitants served by 

the integrated system, this corresponds to a specific power demand of 3.6 W inhabitant⁻1.  

Together, these indicators provide complementary insights into system efficiency and 

operational performance: the energy intensity (kWh m⁻³) quantifies volumetric efficiency, the 

sectoral allocation (71/29) characterizes the structural distribution of energy use, and the per 

capita indicator (W inhabitant⁻1) reflects the aggregate social energy demand required to sustain 

Brasília’s fully integrated urban water cycle. These metrics form a consistent quantitative basis 

for evaluating thermodynamic performance and identifying potential efficiency improvements 

discussed in the subsequent exergy analysis. 

3.3 Exergy Analysis 

3.3.1 RWPS 

Figure 5 illustrates the exergy distribution of the main RWPSs in Brasília, highlighting 

the relative magnitudes of losses and irreversibilities for Torto (a), Santa Maria (b), and Bananal 

(c). Together, these units account for the major share of the total energy demand in the UWS. 

In addition, the detailed exergy balance for each RWPS, including the optimized scenario with 

Sulzer pumps at Santa Maria, is summarized in Table S5.1 (SM). The current configuration 

values correspond to those illustrated in Figure 5. 

The Torto RWPS, with an average electrical input of 3,196.1 kW, presented a useful 
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hydraulic exergy of 2,392.4 kW, corresponding to an overall exergy efficiency of 

approximately 74.9%. Comparing with the technical pump specifications, 582.0 kW is the 

hydraulic energy loss not recovered within the pumping system, due to head losses, bypass 

flows, and partial flow recirculation, and 221.8 kW are irreversibilities due to internal exergy 

destruction by mechanical friction, turbulence, and motor inefficiencies.  

 
Figure 5. Exergy flow of the main RWPSs in Brasília. (a) Torto system, (b) Santa Maria 

system, and (c) Bananal system. 

The Santa Maria RWPS exhibited a lower efficiency of 59.8%, with 2,283.5 kW of 

electrical exergy input and only 1,365.7 kW converted into useful hydraulic work (Table S5.1 

- SM). The larger proportion of losses (774.9 kW) is attributed to aging equipment and the 

lower hydraulic performance of the existing Worthington pumps, which generate higher 

internal leakage and unproductive head. Despite this, the irreversibilities (142.9 kW) remain 

moderate, indicating that most inefficiencies arise from external hydraulic losses rather than 

electromechanical dissipation. 

The Bananal subsystem, with two pumping arrays (Bananal 1 and 2), has higher exergy 
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efficiency, about 76.1%, with a combined electrical input of 932.5 kW (Table S5.1 - SM). The 

useful hydraulic exergy reached 709.5 kW, while losses and irreversibilities accounted for 

149.8 kW and 73.3 kW, respectively. This behavior reflects the more recent installation of high-

efficiency KSB and IMBIL brand pumps and optimized control through frequency inverters, 

which reduce hydraulic transients and frictional dissipation. 

Comparatively, the three RWPSs demonstrate that exergy losses dominate over 

irreversibilities in all cases, confirming that most thermodynamic degradation in pumping 

operations stems from recoverable hydraulic inefficiencies rather than irreversible energy 

conversion. This finding suggests that system retrofits such as pump replacement, impeller 

redesign or pressure optimization could substantially enhance performance with relatively low 

capital investment. Considering the cumulative non-useful exergy across the RWPSs, including 

external hydraulic losses and internal irreversibilities, the total reaches about 1.95 MW, which 

corresponds to ≈30.3% of the total input. Of this, ≈0.44 MW (≈6.8%) is actual exergy 

destruction due to irreversibilities. These results indicate substantial potential for performance 

gains through hydraulic optimization and targeted retrofits. 

3.3.2 Optimization scenario for the Santa Maria WPS 

To evaluate the potential for improving exergy performance, the Santa Maria Water 

Pumping System (WPS) was analyzed under alternative configurations that replace the existing 

Worthington pumps with more efficient Sulzer or KSB models (Table 3). The objective was to 

estimate the recoverable exergy resulting from higher hydraulic efficiency and reduced 

electrical demand under identical operating conditions. 

In the current configuration, the total electrical input of the three MPAs at Santa Maria 

is 2,283.5 kW, producing 1365.7 kW of useful hydraulic exergy and resulting in an overall 

exergy efficiency of 59.8%.  

Replacing Worthington pumps by Sulzer SMN 402-800 units (impeller diameter 714.38 

mm, 𝜂 = 82.3%), the total electrical input decreases to 1,932.6 kW, while the useful exergy 

increases to 1,590.0 kW, yielding an efficiency of 82.3%. The corresponding recoverable 

exergy, accounting for reductions in both external losses and internal irreversibilities, is 

approximately 285 to 376 kW. 

Alternatively, replacing the Worthington pumps with KSB 500-835 B models (impeller 

diameter 825 mm, 𝜂 = 84.3%) results in slightly higher power consumption (1,058.9 kW per 

unit) but also higher useful exergy output (892.8 kW per unit). The efficiency rises to 84.3%, 

with internal exergy destruction decreasing to 77.5 kW. Although this configuration requires 

slightly greater electrical input, the improved hydraulic conversion compensates for the 
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increase, leading to similar overall exergy gains. 

Table 3. Exergy balance and recoverable exergy for current and replacement pump 

configurations at the Santa Maria WPS. 

Parameter Worthington a  Sulzer b  KSB b  

Electrical input (kW) 1,367.4 966.3 1,058.9 Electrical power supplied 

Useful exergy (kW) 804.1 795.0 892.9 Hydraulic exergy 

converted into useful 

pressure and flow 

Exergy losses (kW) 476.9 101.4 88.5 External hydraulic losses 

(unrecovered flow 

energy) 

Exergy destruction (kW) 86.4 69.9 77.5 Internal exergy 

destruction due to 

mechanical and electrical 

inefficiencies 

Efficiency (ψ) (%) 58.8 82.3 84.3 — 

Recoverable exergy (kW) – (285.4–

375.5) 

(298.3–

388.4) 

Potential gain in useful 

exergy 

a current; b replacement, c 𝐸̇𝑟𝑒𝑐. Source: The Author. 

Both replacement scenarios substantially enhance the thermodynamic performance of 

the Santa Maria WPS. The Sulzer configuration provides the largest reduction in total electricity 

consumption, while the KSB configuration achieves the highest exergy efficiency. On average, 

total non-useful exergy (losses + destruction) decreases by approximately 90% compared to the 

current system, indicating that modernization of the Santa Maria WPS would significantly 

improve the energy and exergy performance of the Brasília WSS with limited capital 

intervention. 

3.3.3 Exergy balance of the WTP 

The WTP constitutes the central thermodynamic stage of Brasília UWS chain, 

functioning as the interface between raw-water pumping and treated-water distribution. Its 

operation involves intensive mechanical and chemical processes, including coagulation, 

flocculation, flotation, filtration, and disinfection. The exergy balance was established 

according to Equation (1), distinguishing input, useful, loss, and irreversible terms presented in 

Tables S6.1, S7.1, S9.1, S10., S10.1b, S11.1a, and S11.1b (SM). The results are presented 

Figure 6 illustrates the corresponding Sankey diagram, integrating all electrical, chemical, and 

fuel contributions. 

Figure 6.a shows the total exergy input (Ẋ𝐸𝑖𝑛𝑝𝑢𝑡,𝑊𝑇𝑃) to the WTP is 1.61 MW, composed 

of electrical power (616.6 kW, 38.3 %), chemical reagents (862.8 kW, 53.6 %), and diesel fuel 
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for sludge transport (7.3 kW, 0.45 %). Also, the useful exergy (Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙,𝑊𝑇𝑃) associated with 

the treated water corresponds to 123.1 kW (7.6 %), while the exergy conveyed by the sludge 

(Ẋ𝐸𝑐ℎ,𝑠𝑙𝑢𝑑𝑔𝑒) accounts for 150.0 kW (9.3 %). The remaining 1.34 MW (82.9 %) represents 

internal irreversibilities (Ẋ𝐸𝑖𝑟𝑟𝑒𝑣,𝑊𝑇𝑃) arising from mechanical friction, viscous mixing, and 

entropy generation during chemical reactions. These values result in an overall exergetic 

efficiency (𝜓𝑊𝑇𝑃) of 7.6 %, confirming the dissipative character of treatment operations 

compared to the higher efficiencies observed for the pumping systems (59–76 %). The diagram 

in Figure 6.b shows the quantities of each input component. 

 

Figure 6. a. Exergy flow structure of the Brasília WTP, and b. the relative contributions of 

electrical, chemical, and fuel inputs to the total exergy balance. 

Electrical inputs are dominated by recycling pumps, filter-washing systems, and 

blowers, which together account for more than 70 % of the total electrical exergy. Minor but 

non-negligible contributions arise from flocculation agitators (2.5 %), air compressors (1.8 %), 

and auxiliary lighting systems (0.9 %). On the chemical side, polyaluminum chloride (PAC) 

alone contributes 51 % of the total chemical exergy input, followed by calcium hydroxide (1.5 

%), chlorine gas (0.6 %), fluosilicic acid (0.3 %), and anionic polyelectrolyte (0.4 %). The 

resulting chemical-to-total input ratio (𝜒 ≈ 0.54) highlights the predominance of chemical 

exergy over mechanical work, emphasizing the relevance of reagent selection and dosing 
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optimization to minimize thermodynamic degradation 

The exergy destruction ratio (𝑦𝑖𝑟𝑟𝑒𝑣 ≈ 0.83) evidences the high share of internally 

degraded exergy, establishing a benchmark for performance improvement. From a process 

perspective, most exergy destruction occurs during the mixing and reaction stages, particularly 

in coagulation and flocculation—where entropy generation is intensified by chemical 

interactions and viscous dissipation. Improvement measures include automation of coagulant 

dosing, pressure recovery from backwash streams, and replacement of high-exergy reagents 

with alternatives of lower chemical potential. Collectively, these strategies could enhance 𝜓𝑊𝑇𝑃 

and reduce 𝑦𝑖𝑟𝑟𝑒𝑣 leading to a more sustainable and energy-efficient operation within the urban 

water supply system. 

3.3.4 Exergy balance of the distribution system 

The treated water distribution system of Brasília comprises a network of transmission 

mains, reservoirs, and pumping assemblies that transfer water from the WTP to consumer zones 

across the Federal District. Its exergy performance was evaluated using the same formulation 

adopted for the previous subsystems (Equation 1), considering the electrical work of TWPS, 

Table S10.1a, S10.1b, and S11.1b (SM), and the hydraulic exergy depletion associated with 

losses in the distribution network. 

TWPS employs IMBIL BP 300-340A centrifugal pumps with 380 mm impellers, 

arranged in a (3 + 1) configuration and driven by 285 HP (283 kW) WEG electric motors 

operating at 1,750 rpm, controlled by PLC and frequency inverters. Under current steady-state 

conditions, the average flow is 0.86 m³ s⁻1 with a manometric head of 50 m, resulting in an 

average electrical exergy input (Ẋ𝐸𝑖𝑛𝑝𝑢𝑡) of 597.6 kW and useful hydraulic exergy (Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙) 

of 422.5 kW. The external exergy losses (Ẋ𝐸𝑝) correspond to 33.8 kW, and the internal exergy 

destruction (Ẋ𝐸𝑖) reaches 141.3 kW, leading to a global exergy efficiency (𝜓𝑡𝑝) of 70.7 %. The 

corresponding mechanical indicators are motor efficiency (𝜂ₘ = 95.4 %), pump hydraulic 

efficiency (𝜂𝑏 = 81.3 %), and overall electro-hydraulic efficiency (𝜂𝑔 = 77.6 %), with an 

average power factor (𝑓𝑝 = 0.85). These values are consistent with the performance range of 

large-scale water-supply pumping systems, where mechanical and electrical dissipation 

dominate over hydraulic losses. 

Despite the relatively high efficiency of the pumping station, substantial exergy 

depletion occurs throughout the distribution network due to both physical and apparent losses. 

The average water-loss index (IP) in the Federal District between 2020 and 2022 is 34.4 %, 

equivalent to a mean flow loss of 2.82 m³ s⁻1 (Table 11.1a (SM)). In Brasília alone, losses 
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average 17.6 %, corresponding to 242.5 L s⁻1, with annual variation between 222.5 and 256.0 

L s⁻¹ (Table S11.1b (SM)). When expressed in exergetic terms, these hydraulic losses represent 

a depleted exergy rate (Ẋ𝐸𝑝) of approximately 260 kW, which corresponds to the potential 

energy irreversibly dissipated through leaks, unauthorized consumption, and metering 

inaccuracies. 

The combination of mechanical inefficiencies in water treatment plants and the 

depletion of hydraulic exergy along the network reveals downstream degradation of the treated 

water's exergy flow. Although only a fraction of the water treatment plant's output is physically 

lost, its thermodynamic value is significant, representing approximately 43% of the useful 

exergy supplied by the plants. This highlights that improving distribution performance, even 

with small percentage reductions in losses, can save energy and exergy. For example, with 

preventive maintenance on distribution networks, instead of corrective maintenance as occurs 

today, these losses can be reduced by up to 65%, with a directly proportional impact on depleted 

exergy (electrical, chemical, etc.). 

In summary, the Brasília distribution subsystem operates with high local pumping 

efficiency but experiences marked exergetic depletion throughout the network. The integration 

of exergy analysis with conventional loss indicators (IP and IPL) provides a comprehensive 

perspective of system performance, linking physical leakage control and demand-side 

management with the overall thermodynamic sustainability of the urban water cycle. 

3.3.5 Exergy Balance of UWC 

The integrated analysis of the urban water and wastewater system reveals the overall 

thermodynamic interactions and cumulative irreversibilities across the four main subsystems: 

the RWPS, the WTP, the TWPS, and the WWTP North and South, as illustrated in Figure 7. 

The total exergy input from the electricity grid to the entire system reached 

approximately 7.0 MW, of which over 90% was associated with the water supply chain (RWPS 

+ WTP + TWPS). The RWPS accounted for the largest single share (6.41 MW), highlighting 

the dominance of hydraulic conveyance energy demand in the water supply stage. 

At the RWPS, an exergy efficiency of 69.7% was achieved, with 23.5% of the input 

exergy destroyed due to frictional and mechanical losses. The WTP exhibited comparable 

efficiency (69.7%), driven mainly by the energy embodied in chemical reagents (862.8 kW) 

and electrical inputs (616.6 kW), indicating balanced conversion between mechanical and 

chemical exergy inflows. 

The TWPS presented the highest subsystem efficiency (70.7%), reflecting its relatively 
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optimized operation and smaller head losses compared to the raw water pumping stage. In 

contrast, the integrated WWTP subsystem exhibited the lowest exergy performance, due to the 

intrinsic irreversibilities of biochemical degradation and aeration processes. 

When aggregated, the combined system showed an overall exergy efficiency near 69–

70%, consistent across the supply chain. The principal exergy destructions were concentrated 

at the RWPS and WWTP, confirming these as the thermodynamic bottlenecks of the system. 

The total irreversibility rate in the sanitation subsystem was higher due to biological oxidation 

and gas emissions (CH4 and CO2), while the potable water chain presented mechanical and 

hydraulic dissipation as the main sources of degradation. 

 

Figure 7. Exergy flow diagrams (Sankey representation) for the integrated Brasília UWC: (a) 

RWPS, (b) WTP, (c) TWPS, and (d) combined North and South WWTP. Adapted from (Franco 

et al., 2025). 

The results demonstrate that improving pumping efficiency and energy recovery from 

sludge digestion could enhance the system-wide exergetic performance. Integrating energy 

valorization routes (e.g., biogas recovery, hydraulic turbines in gravity conduits) would reduce 

total exergy destruction and contribute to a more sustainable water–energy nexus. 

3.4 GHG Emissions Analysis 

The total power input to the UWC reached 10.68 MW, corresponding to an hourly 

emission of approximately 515 kg CO2 h
–1. When converted to daily and annual scales, these 

values represent 12.4 t CO2 day⁻1 and 4 520 t CO₂ year⁻1, respectively. Table 4 summarizes the 
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contribution of each subsystem. The RWPSs dominate the carbon footprint, emitting 431 kg 

CO2 h
–1 (≈ 84 % of total emissions) due to their high electrical load.  

The WTP and TWPS contribute 41.5 kg CO2 h
–1 and 40.2 kg CO2 h

–1, respectively, 

whereas fuel used for sludge transportation adds only 2.5 kg CO2 h
–1 (< 1 %). 

The overall carbon intensity of the UWC was 0.42 kg CO2 m⁻3 of treated water, which 

is consistent with values reported for Brazilian metropolitan utilities operating under similar 

topographical conditions. The predominance of emissions associated with electricity use 

reflects the exergy structure of the system, where over 90 % of total input exergy originates 

from electrical power. Consequently, improving electromechanical efficiency directly reduces 

both energy demand and carbon output. 

Table 4. GHG of Brasília’s UWC subsystems. 

Subsystem 
Power demand GHG emissions Share 

(kW) kg CO2 h
–1 t CO2 day–1 t CO2 year–1 (%) 

RWPS 6,412 431.5 10.36 3782 83.7 

WTP 616 41.5 1 363 8 

TWPS 598 40.2 0.96 352 7.8 

Diesel use a - 2.5 0.06 22 0.5 

Total system 10,682 515.7 12.4 4520 100 
a sludge transport; Indirect (Scope II) emissions were computed from electricity consumption 

using the national grid emission factor of 0.0673 kg CO₂ kWh⁻¹ (MCTI 2024), while direct 

(Scope I) emissions correspond to diesel fuel used for sludge transport, with 2.60 kg CO₂ L⁻¹ 

and 0.94 L h⁻¹ consumption. Annualized results assume continuous operation (8,760 h year⁻¹). 

Source: The Author. 

Retrofit scenarios tested for the Santa Maria RWPS indicated that replacing obsolete 

Worthington pumps with high-efficiency Sulzer or KSB models could reduce electricity 

consumption by up to 20 %, corresponding to a mitigation potential of 0.35 MW or 

approximately 650 t CO₂ year–1. In the sanitation subsystem, recovering biogas from sludge 

digestion could displace an additional 400 t CO₂ year–1 of grid electricity. Implementing both 

measures would lower total annual emissions to ≈ 3 500 t CO₂ year–1, increasing overall exergy 

efficiency to above 75 %. 

Integrating carbon accounting with the Water–Exergy–Environment Nexus thus enables 

a quantitative diagnosis of both thermodynamic and environmental performance. This coupling 

highlights that every kilowatt of electrical power saved through efficiency measures translates 

proportionally into avoided emissions, strengthening the pathway toward low-carbon, energy-

resilient, and sustainable urban water management. 
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4. CONCLUSIONS 

This study applied a comprehensive Water–Exergy–Environment Nexus to assess the 

thermodynamic performance of Brasília’s UWC, integrating raw-water abstraction, treatment, 

distribution, and wastewater management into a single analytical framework. The results 

demonstrated that the system operates under strong hydraulic and energetic interdependence, 

with total electricity consumption of 10.68 MW and an average energy intensity of 4.34 kWh 

m⁻3. The RWPS were identified as the most energy-demanding stage, responsible for 60% of 

total electricity use and exhibiting exergy efficiencies between 59.8% and 76.1%. In contrast, 

the WTP showed the lowest efficiency (7.6%) due to high chemical exergy inputs and internal 

irreversibilities associated with mixing and coagulation processes. The TWPS maintained 

70.7% efficiency, while the WWTP presented higher exergy destruction caused by biological 

oxidation and gas emissions. 

At the system level, the overall exergy efficiency of the UWC was approximately 69–

70%, revealing consistent performance along the supply chain but substantial opportunities for 

improvement. Replacing obsolete pumps with high-efficiency models could recover up to 0.35 

MW of exergy at Santa Maria station, while energy valorization of sludge biogas could enhance 

exergetic recovery in the sanitation subsystem. 

The integrated exergy approach proved effective for diagnosing inefficiencies, 

quantifying irreversibilities, and identifying potential recovery pathways. By linking 

thermodynamic and environmental performance, this methodology supports data-driven 

strategies for reducing energy demand, optimizing resource use, and advancing low-carbon and 

sustainable urban water management in developing regions. 
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ABSTRACT 

This study assesses the water–exergy–environment nexus in Brasília WWTPs. Using exergy 

analysis, GHG quantification, and Life Cycle Assessment (LCA), it identifies inefficiencies and 

optimization opportunities in Brasília’s North and South WWTPs, which treat 45,308.50 and 

108,058.44 m3 day–1 and achieve over 95% removal of chemical oxygen demand and nutrients. 

Exergy analysis revealed that over 97% of the total input exergy is destroyed due to unutilized 

methane (55–60%) and electricity consumption (28–31%). Methane was analyzed considering 

direct emission, flaring, and energy recovery via electricity production. LCA showed that 

flaring reduced emissions by ~40%, while biogas-to-electricity conversion led to further 

reductions of ~45%, achieving specific emissions as low as 41.95 kgCO2eq.year–1per 

population equivalent. Sludge transport, exceeding 100 m3 day–1, contributed to environmental 

impacts, underscoring the need for reuse alternatives such as agricultural application or biochar 

production. Seasonal inflow variations due to rainfall also increased energy demand and system 

pressure. Exergy-based indicators confirmed low environmental exergy efficiency and 

renewability index under current conditions. With energy recovery, the environmental exergy 

efficiency increased by 120.8% and 129.6%, the pollution rate decreased by 26.9% and 24.2%, 

and the renewability index increased by 25.4% and 35.8% for the North and South WWTPs, 

respectively. The results underscore exergy analysis and LCA as effective tools for diagnosing 

WWTP efficiency, quantifying bottlenecks, and advancing circular strategies in urban 

wastewater management. 

KEYWORDS: Urban water cycle; Wastewater treatment plants; Exergy analysis; Life Cycle 

Assessment; Exergy-based indicators; Biogas recovery. 
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INDEX SUMMARY 

Nomenclature Symbols 

Aluminum Sulfate  Al2(SO4)3 Activity 𝑎  

Ammonium NH4 Chemical exergy of compound 

formation 
𝐸𝑐ℎ,𝑓  

Annual mean factor AMF Chemical exergy related to compound 

concentration 
𝐸𝑐ℎ,𝑐  

Biochemical oxygen demand BOD Destroyed exergy  𝐸𝐷𝑒𝑠𝑡  

Carbon  C Dewatered sludge exergy 𝐸𝑑𝑠 

Chemical oxygen demand COD   

Companhia de Saneamento 

Ambiental do Distrito Federal 
CAESB 

Effluent exergy 𝐸𝐸𝑓𝑙 

Exergy EXG Environmental exergy efficiency 𝜂𝑒𝑥  

Ferric Chloride  FeCl3 Exergy 𝐸𝑇  

Ferrous Sulfate  Fe2(SO4)3 Exergy of biosolid transport 𝐸𝑡𝑟  

Greenhouse gases GHG Exergy of electricity consumed 𝐸𝐸𝑙𝑒𝑐𝑡  

Global Warming Potential GWP Exergy of compounds in the effluent, or 

final product, or useful effect 
𝐸𝑛  

Hydrogen H Exergy of water used in the processes 𝐸𝑤  

Life cycle assessments  LCA Exergy renewability index  𝜆  

Lime CaO Gibbs free energy Δ𝐺𝑓𝑖   

Lower heating value LHV Influent exergy  𝐸𝐼𝑓𝑙  

Methane  CH4 Kinetic exergy 𝐸𝑘𝑖  

Most Probable Number  MPN  Loss exergy 𝐸𝐿  

Nitrogen N Mechanical exergy 𝐸𝑚𝑒  

Oxygen O2 Methane exergy in the produced biogas 𝐸𝑀  

Phosphoric Acid  H3PO4 Mole fraction 𝑥𝑖  

Phosphorus P Number of moles of elements 𝑛𝑒  

Raw sewage pumping station RSPS Pollution rate  𝜏𝑝𝑜𝑙  

Supplementary material SM Polymers and coagulants exergy 𝐸𝑝𝑜𝑙+𝑐𝑜𝑎𝑔  

Total oxygen demand  TOD Potential exergy 𝐸𝑝𝑜  

Wastewater treatment plants WWTPS Specific standard chemical exergy 𝐸𝑐ℎ,𝑛𝑒

0   

Water treatment plants WTPS Thermal exergy 𝐸𝑡ℎ  
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1 INTRODUCTION 

Global population growth, especially in urban areas, has led to soaring demand for 

energy, food, potable water, and natural resources, placing significant environmental strain 

(Huang et al., 2024). This urban expansion is closely tied to serious ecological impacts, 

including global warming, climate change, and freshwater scarcity, directly affecting 

agriculture, food production, and essential activities (Avtar et al., 2019; Bellezoni et al., 2021). 

Urban sustainability depends on the efficient operation of water supply and sanitation 

systems, collectively called the urban water cycle (Figure 1(a)). These systems, comprising 

water uptake, distribution, sewage collection, and treatment, are complex and energy-intensive, 

requiring substantial electricity and inputs such as chemicals and fuels. Their performance 

directly influences water security, energy use, and environmental quality. Moreover, WWTP – 

key components of these systems – are significant sources of GHG emissions due to biological 

processes that generate carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), in 

addition to indirect emissions from electricity consumption (Parravicini et al., 2022; Ranieri et 

al., 2024b, 2023; Sharawat et al., 2021). Recent studies have addressed mitigation strategies, 

including energy audits, biogas recovery, and process optimization (Kłosok-Bazan et al., 2024). 

Despite technological progress, WWTPs in developing countries still face critical limitations, 

including insufficient infrastructure and investment, which hinder effective treatment and 

sustainability goals (Vaidya et al., 2023).  

Despite widespread access to water supply systems in Brazil, significant deficits in 

sewage infrastructure persist, and existing treatment facilities often deliver substandard 

performance with notable health and environmental consequences (SNIS, 2023). Supply 

systems are also major energy consumers and suffer from high water losses, averaging 40.3% 

in 2021, resulting in wasted electricity, chemicals and other inputs used in treatment, and 

avoidable environmental impacts (SNIS, 2023). The supply systems consumed 13.9 TWh in 

the same year, equivalent to 2.55% of national electricity use (EPE, 2020). Roughly 80% of 

treated water eventually returns to the environment as wastewater, with variable composition 

influenced by domestic, industrial, and stormwater sources (ANA, 2022). Efficient 

management and treatment of this effluent are essential to minimizing impacts and ensuring 

environmental and public health protection. 
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Figure 1. (a) Urban water cycle. SW – Sewage Sludge; GHG, and EXG – Exergy. (b) Evolution 

of publications related to the urban water-exergy nexus, based on Scopus and Web of Science 

databases. (c) The framework of the present analysis. LCA – Life Cycle Assessment; GWP – 

Global Warming Potential. Source: Adapted with images from (CAESB, 2024a).  
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Therefore, accurately assessing the interactions among energy, water, inputs, materials, 

waste, and emissions is essential for identifying resource depletions, optimizing installed 

capacity, and improving the overall performance of water cycle systems. Despite its 

importance, a comprehensive system for monitoring these relationships in urban water cycles 

remains scarce in the literature (Table 1), limiting the ability to mitigate freshwater 

insufficiency effectively, preserve water sources, and protect environmental and public health 

(Bellezoni et al., 2021). Advancements in these areas could provide meaningful insights into 

resource efficiency and sustainability improvements within the water management sector. 

In this context, exergy, defined as the maximum useful work obtainable as a system 

reaches equilibrium with its environment, emerges as a powerful tool for evaluating the quality 

and efficiency of energy and material flows in urban water systems. Unlike conventional energy 

analysis, exergy accounts for both the quantity and the quality of resources, enabling the 

identification of irreversible losses and inefficiencies (Fitzsimons et al., 2016). Exergetic 

analysis allows for the qualification and quantification of energy and input flows, comparison 

between actual and ideal processes, and identification of technological, environmental, and 

economic improvement opportunities. This approach is suitable for assessing WWTP 

performance because urban water cycles function as thermodynamically open systems with 

intensive energy and environmental interactions.  

Figure 1(b) and Table 1 highlight a few studies that have applied the exergy framework 

to WWTPs, especially using primary data. While prior works focused on exergetic efficiency 

or energy and mass balances, the present study advances by incorporating pollution rate, 

renewability index, environmental exergy efficiency, scenario-based GHG quantification and 

LCA. This combination provides a comprehensive decision-support tool not previously applied 

to Brazilian wastewater systems. 

This study applies the Urban Water–Exergy–Environment Nexus framework to evaluate 

the exergetic and environmental performance of WWTPs in Brasília, Brazil (Figure 1(c)). This 

approach integrates detailed site-specific information, including effluent characteristics and 

treatment stages, which were often overlooked in previous research. By combining indicators 

such as exergetic efficiency, renewability index, pollution rate, GHG quantification, and Global 

Warming Potential (GWP), the analysis reveals systemic inefficiencies and highlights 

opportunities for energy recovery and resource optimization. While focused on Brasília, the 

context-sensitive methodology has broader applicability, offering a robust tool for sustainability 

assessment across diverse urban settings. The findings contribute valuable insights for 

improving the design, operation, and upgrading of WWTPs, advancing exergy-efficient 

sanitation infrastructure.  
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Table 1. Summary of literature on applying exergy-based analysis in water and wastewater systems. 

Location / Reference System Boundaries Methodology Exergy Indicators Main Contribution 

Sweden /  

(Hellström, 1999) 

Comparison of conventional vs. 

source-separation systems, 

including nutrient transport and 

reuse 

Exergy and nutrient flow 

analysis with mass balances and 

source-separation scenarios 

Exergy consumption 

and nutrient flow 

efficiency 

Pioneered application of 

exergy analysis to source-

separation systems and nutrient 

recovery 

Netherlands /  

(Wilsenach et al., 

2003) 

Integrated assessment of 

wastewater, surface water, and 

nutrients from source to reuse 

Integration of Exergy analysis 

with resource recovery strategies 

and system redesign concepts 

Exergy of organic 

matter, nutrients, and 

system integration 

potential 

Highlighted the importance of 

integrated management and 

resource recovery for 

sustainability 

Iran /  

(Khosravi et al., 

2013) 

Urban WWTP includes individual 

treatment units and network 

optimization 

Exergy analysis applied to unit-

level performance with a focus 

on environmental degradation 

Environmental 

Exergy Efficiency 

and Total Pollution 

Rate  

Introduced a dual-index 

optimization framework and 

applied it to real WWTP 

Ireland /  

(Fitzsimons et al., 

2016) 

Two Irish WWTPs with similar 

technologies but varying influent 

qualities 

Benchmarking using exergetic 

efficiency and destruction to 

identify improvement areas 

Exergy destruction 

and exergetic 

efficiency 

Demonstrated use of exergy 

benchmarking as a 

comparative tool for WWTP 

performance 

Poland /  

(Bylka and Mróz, 

2020) 

Water intake, treatment, and 

distribution system in Poznań, 

including pumping and pressure 

management 

Exergy modeling for 

mechanical/potential exergy in 

distribution networks 

Mechanical and 

potential exergy 

Developed a modeling tool for 

visualizing and optimizing 

exergy use in urban water 

systems 

Iran / 

(Malboosi et al., 

2021) 

South Tehran WWTP and six 

others: includes screening, grit 

chamber, primary/secondary 

clarifiers, aerobic and anaerobic 

reactors, dewatering, and heat 

Comprehensive exergy analysis 

across all treatment units using 

mass and energy balances, 

including comparison among 

seven WWTPs 

Functional and 

universal exergy 

efficiency; exergy 

destruction by unit; 

exergy of sludge, 

biogas, effluent 

Demonstrated that over 90% of 

exergy destruction occurs in 

aerobic reactors due to 

chemical transformation; 

proposed optimized energy 

recovery via biogas; introduced 
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exchange; accounts for sludge, 

biogas, and effluent flows 

Grossman diagram for system-

wide exergy visualization 

Brazil /  

This Study 

North and South WWTPs in 

Brasília; includes influent, 

treatment, methane flaring, sludge 

transport, and seasonal flow 

variation 

Exergy analysis, GHG 

quantification, Life Cycle 

Assessment focusing on GWP, 

optimization scenario for 

methane recovery, 

environmental indicators 

benchmarking 

𝜂𝑒𝑥𝑒𝑟𝑔𝑦; λ 

(renewability index); 

total pollution rate; 

exergy destruction 

Integrated exergy analysis, 

LCA, and GHG quantification 

using operational data to assess 

WWTP performance under 

biogas valorization scenarios, 

showing that methane recovery 

and sludge reuse can triple 

efficiency, reduce pollution by 

60%, and support circular and 

climate mitigation strategies 

𝜂𝑒𝑥𝑒𝑟𝑔𝑦 – environmental exergy efficiency; λ – exergy renewability index; TPR (total pollution rate); EEE (environmental exergy efficiency); CH₄; 

WWTP; UASB (upflow anaerobic sludge blanket reactor); CEPT (chemically enhanced primary treatment); GHG emissions (CO2, CH4, N2O); 

GWP (Global Warming Potential). 
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2 METHODOLOGY 

This research employs a quantitative and diagnostic approach to evaluate the performance 

of two large-scale municipal WWTPs in Brasília, Brazil – namely, the North and South WWTPs. 

The methodology is structured into six main steps (Figure 1(c)): i. System definition and data 

collection (Section 2.1), ii. Exergy analysis (Section 2.2), iii. Biogas recovery potential (Section 

2.3), iv. Life cycle assessment focusing on Global Warming Potential (carbon footprint) (Section 

2.4), and v. Environmental performance indicators (Section 2.5). 

2.1 Sanitation Systems in Brasília: Structure and Operation 

In this section, the boundaries of each WWTP are defined from influent entry to final sludge 

transportation. Operational and design data are described and quantified, including flow rates, 

energy consumption, methane production, and sludge volumes.  

The sanitation infrastructure in Brasília, illustrated in Figure 2, is managed by the CAESB 

– Environmental Sanitation Company of the Federal District (CAESB, 2024a). It comprises a 

collection network that channels wastewater from treated water consumers to WWTP North 

(15°44′38.26″S, 47°52′41.89″W) and WWTP South (15°50′32.90″S, 47°54′35.01″W) (Figure 

2(a)), whose treatment process flow diagrams are shown in Figures 2(b) and (c), respectively.  

WWTP South serves the central and southern regions, while WWTP North covers the northern 

areas.  

These WWTPs utilize secondary treatment processes, including activated sludge and 

biological treatment technologies, achieving high pollutant removal efficiencies. Both facilities 

discharge treated effluent into the respective northern and southern arms of Lake Paranoá (Figure 

2(a)), either by gravity or through pumping.  

Since their operation began in 1962, these WWTPs have implemented secondary treatment 

with activated sludge and biological treatment technologies. Expanded in 1995, Brasília South now 

handles up to 1,500 L s–1, while WWTP North was upgraded to manage 920 L s–1. Both operate 

with the tertiary treatment system, dewatered lime and high efficiency, with the treated flow at 

WWTP South currently at 1,250 L s–1 (85% of capacity) and WWTP North at 526 L s–1 (57.2% of 

capacity), with additional storage for peak periods (CAESB, 2024a). 
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Figure 2. (a) Aerial view of the wastewater treatment infrastructure in Brasília, indicating the 

locations of the North and South WWTPs. (b) Process flow diagram of the South WWTP, 

illustrating primary, secondary, and tertiary treatment stages; (c) Process flow diagram of the North 

WWTP, with similar treatment configurations adapted to local hydraulic conditions. Source: 

adapted from (CAESB, 2024a). 
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2.1.1 Treatment Process Overview 

Initial treatment in both plants begins with coarse screening and grit removal, where debris 

is collected and transported to a sludge management facility. Primary treatment follows in 

sedimentation containers to separate solids and sludge, which is further processed in secondary 

treatment. Aerobic, anaerobic, and facultative microorganisms reduce organic matter, while 

nitrogen and a high phosphorus level are removed through nitrification and denitrification (luxury 

uptake). Biological treatment uses activated sludge to remove phosphorus and nitrogen in three-

stage Phoredox reactors, where a portion of the microbial biomass is recirculated to support the 

process. Advanced treatment, or final polishing, involves coagulation with aluminum sulfate, 

flocculation, and flotation to remove remaining phosphorus and solids. 

The resulting chemical sludge is integrated with other process sludge in anaerobic digesters 

to generate biogas and nutrient-rich sludge, later dewatered and transported to the sludge 

management unit (SMU), coordinates 15°52′35.94″S, 48°08′48.44″W, in Samambaia, 

administrative region of the Federal District. This rigorous treatment framework in Brasília’s 

WWTPs enhances environmental sustainability and supports effective resource recovery. 

2.1.2 Data Quality and Statistics 

The description of the datasets used in this study, including their respective sources and 

quality classification, is provided in Table 1.2 (SM). Data were primarily obtained from operational 

records and technical reports of the water utility (CAESB, 2024b), with primary data collected in 

situ and secondary data derived from internal literature or monitoring reports. 

A statistical comparison of measured parameters was conducted to evaluate operational 

differences between the two WWTPs analyzed in this study. Monthly series data for influent and 

effluent characteristics, chemical consumption, energy use, and sludge production were collected 

for both the North and South WWTPs from 2020 to 2023. For each parameter, descriptive statistics 

were calculated (mean and standard deviation), and a non-parametric Mann-Whitney U test was 

applied to assess significant differences between the two independent samples, given the non-

normality of some datasets and their unequal sample sizes (Franchitti et al., 2024; Mann and 

Whitney, 1947). The statistical significance level was set at 𝑝 < 0.05. All analyses were performed 

using Python (v3.11), with data visualization and hypothesis testing conducted via the SciPy and 

Matplotlib libraries. 
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2.2 Exergy Analysis 

This section calculates the exergy associated with all material and energy flows based on 

the second law of thermodynamics. The formulation includes the chemical, physical, and thermal 

exergy of water, wastewater, chemical reagents, electricity, and biogas. Metrics such as exergy 

destruction and the renewability index were derived to characterize system performance.  

2.2.1 Exergy Balance and Definitions 

In steady-state wastewater treatment processes, the total exergy is determined by the 

difference, or balance, between the influent and effluent exergies within the control volumes 

surrounding the treatment plants, as shown in Eq. (1) (Hellström, 1999; Malboosi et al., 2021). 

This measure represents the amount of exergy required to restore wastewater to a 

composition as close to its original water state relative to a reference environment, thereby 

completing the urban water cycle.  

𝐸𝑇 = (𝐸𝐼𝑓𝑙 − 𝐸𝐸𝑓𝑙) = [𝐸𝑡ℎ + 𝐸𝑚𝑒 + 𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐 + 𝐸𝑘𝑖 + 𝐸𝑝𝑜]
𝐸𝑓𝑙

𝐼𝑓𝑙
 (1) 

In Eq. (1), (𝐸𝑇) represents the total exergy (kW) given by the difference between 𝐸𝐼𝑓𝑙, the 

influent exergy to the plant (kW), and 𝐸𝐸𝑓𝑙, the effluent exergy (kW). 𝐸𝑡ℎ represents the thermal 

exergy (kW), 𝐸𝑚𝑒 the mechanical exergy (kW), 𝐸𝑐ℎ,𝑓 the chemical exergy of formation in 

compounds of influent and effluent wastewater or effluent sludge (kW), 𝐸𝑐ℎ,𝑐 the chemical exergy 

of concentration in compounds of influent and effluent wastewater or effluent sludge (kW), the 𝐸𝑘𝑖 

the kinetic exergy (kW) and 𝐸𝑝𝑜 the potential exergy (kW) (Hellström, 1999; Malboosi et al., 

2021). 

WWTPs generally have minimal variation in wastewater temperature, the geometric level 

at entry and exit, and flow velocity (the hydraulic retention time in the WWTPs ranges from 12 to 

18h at wastewater temperatures of 19 to 26 ºC) (CAESB, 2024a). As a result, thermal (𝐸𝑡ℎ), 

potential (𝐸𝑝𝑜), and kinetic (𝐸𝑘𝑖) exergies are insignificant and can be disregarded in Eq. (1). Thus, 

the influent exergy consists of the chemical and concentration exergies of wastewater compounds, 

operational resources such as electricity and process water for plant operation, and residual product 

transport. The exergies related to labor and plant infrastructure were not considered. The 

mechanical exergy (𝐸𝑚𝑒) refers mainly to the electricity consumed by high-pressure compressors 
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for aeration in treatment processes. 𝐸𝑚𝑒 contribution is accounted for in the total electricity 

consumed in WWTPs (Hellström, 1999; Malboosi et al., 2021). 

Effluent exergy includes the residual chemical and concentration exergies in the treated 

wastewater, dewatered sludge, nutrients in the dewatered sludge, and the potentially useful 

methane gas generated. Polymers and coagulants are inputs for the deactivation of sludge entering 

and exiting the control volume, and their exergy is accounted for in the exergy renewability 

indicator discussed later (Section 2.5).  

2.2.2 Physicochemical Estimation of Wastewater and Sludge Exergy 

The physicochemical terms for organic influent, effluent, and dewatered sludge compounds 

are determined by Eq. (2), using estimative processes adapted for wastewater based on Stanek et 

al. (2017). 

𝐸𝑐ℎ,𝑓 +  𝐸𝑐ℎ,𝑐 =  [∑ 𝑦𝑖𝑖 (Δ𝐺𝑓𝑖 + ∑ 𝑛𝑒𝐸𝑐ℎ,𝑛𝑒

0
𝑒 )

𝑖
]

𝑝
+ 𝑅𝑇0 ∑ 𝑥𝑖𝑖 ln (

𝑎𝑖

𝑎0
) 

(2) 

where 𝑦𝑖 represents the moles of the substance 𝑖 divided by the total mass of the solution; 

Δ𝐺𝑓𝑖 , Gibbs free energy (J); 𝑛𝑒, the number of moles of elements (𝑒) forming a compound (𝑖); 

𝐸𝑐ℎ,𝑛𝑒

0 , specific standard chemical exergy (kJ g–1) of organic matter; 𝑥𝑖, mole fraction; and 𝑎, 

activity; R, universal gas constant (8.31 J mol–1 K–1); 𝑇0, Standard ambient temperature (298.15 

K). The subscript 0 denotes the properties of reference water (Stanek et al., 2017). 

The terms in Eq. (2) are determined using operational data measured (primary data) at the 

treatment plants. However, some considerations must be made before applying the analysis: i) 

wastewater is a fluid with a pollutant load, and the chemical exergy of its pollutants causes harm 

to aquatic environments (Das et al., 2024; Huang et al., 2007); ii) it is composed of approximately 

99.9% water and 0.1% dissolved and suspended substances that can be removed through proper 

treatment (Koul et al., 2022); iii) wastewater is considered as the substance C10H18O3N, with a 

molecular weight of 200.2548 g mol–1 (Owen, 1982; Stanek et al., 2017); iv) total nitrogen is 

assumed to be in the form of ammonium (NH4), with a molecular weight of 18.040 g mol–1. 

2.2.3 Chemical Exergy of Compounds and Concentration of Organic Matter 

Determining the total chemical exergy of wastewater presents significant challenges due to 

the complexity and high cost of identifying and quantifying the standard chemical exergy of 
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pollutants. To overcome this difficulty, (Hellström and Kärrman, 1997) theoretically divided the 

wastewater flow into specific segments and calculated the standard chemical exergy of each 

segment through practical simplifications, with results that, according to the author, did not differ 

from actual values. This method is also adopted in this study. 

The calculation of the chemical exergy using Eq. (2) precedes the determination of the 

chemical exergy of organic matter (𝐸𝑐ℎ,𝑛𝑒

0 ) of pollutants in the influent wastewater, effluent, and 

dewatered sludge. Since pollutant composition is not typically measured in WWTPs, the 

determination is performed using boundary solutions, as presented by (Fitzsimons et al., 2016; 

Hellström and Kärrman, 1997; Khosravi et al., 2013; Malboosi et al., 2021; Mora Bejarano, 2009; 

Tai and Matsushige, 1986). 

Tai and Matsushige were the first to determine the standard chemical exergy of organic 

matter in wastewater (𝐸𝑐ℎ,𝑛𝑒

0 ) using calculation methods, relating it to the total oxygen demand 

(TOD) (Tai and Matsushige, 1986). The authors considered 138 organic substances without 

identifying contaminants if wastewater consists only of carbon, hydrogen, and oxygen. Khosravi 

et al. revised the method and found that 24 of the 138 substances are short-chain compounds or do 

not contain nitrogen, typical of wastewater pollutants (Khosravi et al., 2013). Assuming that all 

organic matter is converted into carbon dioxide, water, and nitric acid, the authors correlated the 

standard chemical exergy to the TOD of the remaining 114 compounds, obtaining Eq. (3) with the 

linear regression (𝑅2=0.9923) (Khosravi et al., 2013). 

𝐸𝑐ℎ,𝑛𝑒

0  (J L–1) = 13.7 (kJ g–1) TOD (mg L–1) – 116 (3) 

The standard chemical exergy of compounds is obtained from the literature (Szargut, 1989). 

The TOD is determined through chemical analyses of the compounds, a practice uncommon in 

WWTPs, thus requiring the use of the simplified boundary solution TOD≈COD (chemical oxygen 

demand) proposed by (Alley, 2007). Although less precise, this simplification is acceptable since 

exergy analysis aims to evaluate WWTP components rather than develop designs that require 

higher accuracy (Khosravi et al., 2013). 

Determining the chemical exergy of dewatered sludge requires knowledge of the chemical 

composition of the residues, which is as challenging to identify as that of raw wastewater. 
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However, according to (Hellström and Kärrman, 1997):  

i) the organic matter in sludge consists of a composition of cell fibers and cellulose 

with sufficient nitrogen concentration, making it relatively easy to determine the 

chemical exergy of sludge, as most of it is related to organic matter;  

ii) ii) over 80% of the nitrogen present in wastewater and less than 10% in sludge is 

ammoniacal nitrogen, making it unnecessary to calculate the number of fibers and 

cellulose cells to determine the chemical exergy of organic matter and nutrients in 

the sludge;  

iii) iii) all phosphorus is precipitated through the addition of coagulants such as lime 

(Ca2
+) and aluminum sulfate (Al3

+), and the nitrogen in organic compounds is 

filamentous.  

Thus, dewatered sludge can be represented by the compound C5H7NO (molecular weight: 

97.11558 g mol–1), and its chemical exergy can be calculated using Eq. (3). 

The detailed calculations of the chemical exergies (𝐸𝑐ℎ,𝑓) and concentration exergies (𝐸𝑐ℎ,𝑐) 

of the compounds in the influent and effluent liquid wastewater and the dewatered sludge from the 

North and South WWTPs are presented in Table S2.2 (SM) and Table S3.2 (SM).  

The standard chemical exergies of the nutrients and coagulants used, the metals present in 

wastewater and dewatered sludge, and the exergy of the methane produced are also calculated 

based on (Rivero and Garfias, 2006; Szargut, 1989). According to (Metcalf et al., 2002), in 

activated sludge systems, phosphorus and nitrogen are the two main nutrients responsible for cell 

growth, present as phosphate ions (HPO4
2−) and ammonium (NH4

+), respectively. Potassium, on the 

other hand, has a negligible concentration in wastewater.  

These considerations simplify the calculation of the chemical exergy of nutrients using the 

standard chemical exergies. In WWTPs treating industrial wastewater, the iron content is generally 

high, and its chemical exergy is significant, making the exergy contributions of other metals 

negligible. In Brasília, however, wastewater is predominantly domestic, with insignificant metal 

concentrations, except for iron, which is included in the analysis. Table 2 summarizes the key 

compositional parameters of the treated wastewater from both plants. 
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Table 2. Chemical compounds present in the treatment processes at the North and South WWTPs 

and their standard chemical exergy (𝐸𝑐ℎ,𝑛𝑒

0 ). 

a Monthly daily averages compounds; b standard tables by (Szargut, 1989). Source: Adapted 

data from (CAESB, 2024a). 

2.2.4 Exergy Destruction 

Exergy destruction represents the irreversible loss of useful energy within the system due 

to inefficiencies, internal entropy generation, or dissipation into unusable forms. In wastewater 

treatment plants, such losses are primarily associated with biological degradation, chemical 

reactions, heat dissipation, and the incomplete utilization of energy-rich byproducts such as 

methane, dewatered sludge, and residual chemical compounds, which could otherwise contribute 

to the useful exergy output. 

To quantify this loss, the exergy destruction (𝐸𝐷𝑒𝑠𝑡) was calculated by subtracting the sum 

of useful and recoverable exergy outputs from the total exergy inputs to the system, as defined in 

Eq. (4) (Hellström, 1999; Horrigan, 2016; Malboosi et al., 2021). 

𝐸𝑇 = 𝐸𝐷𝑒𝑠𝑡 = [(𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐) + 𝐸𝐸𝑙𝑒𝑐𝑡 + 𝐸𝑤 + 𝐸𝑡𝑟]
𝐼𝑓𝑙

− [𝐸𝑛 + 𝐸𝑑𝑠 + 𝐸𝑝𝑜𝑙+𝑐𝑜𝑎𝑔 + 𝐸𝑀]
𝐸𝑓𝑙

 

(4) 

Here, 𝐸𝐷𝑒𝑠𝑡 represent the exergy destroyed (kW); 𝐸𝐸𝑙𝑒𝑐𝑡, the exergy of electricity consumed 

(kW); 𝐸𝑤, the exergy of water used in the processes (kW); 𝐸𝑡𝑟, the exergy of biosolid transport 

(kW); 𝐸𝑛, the exergy of chemical compounds (𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐) in the effluent wastewater (kW); 𝐸𝑑𝑠, 

chemical exergy of dewatered sludge or waste exergy (kW); 𝐸𝑝𝑜𝑙+𝑐𝑜𝑎𝑔, exergy of polymers and 

Chemical compound 𝐸𝑐ℎ,𝑛𝑒

0 (kJ g–1) b Chemical compound 𝐸𝑐ℎ,𝑛𝑒

0 (kJ g–1) b 

Inorganics a  Organics a  

Lime (CaO) 2.3 Methane (CH4) 51.8 

Ferric Chloride (FeCl3) 1.4 Polymers 40.0 

Phosphorus (P) 28.1 Metals 

Aluminum Sulfate (Al2(SO4)3) 1.0 Iron (Fe) 6.7 

Ferrous Sulfate (Fe2(SO4)3) 0.9 Nitrogenous 

Phosphoric Acid (H3PO4) (HPO4
2−) –1.1 Ammonium (NH4

+) 21.8 
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coagulants (kW), and 𝐸𝑀, the methane exergy in the produced biogas (kW) (Hellström, 1999; 

Horrigan, 2016). 

The exergy of the electricity consumed (𝐸𝐸𝑙𝑒𝑐𝑡) refers to that used in high-pressure air 

compressors for aeration, internal transfer pumping, lighting, etc., and is included in the total 

measured consumption of the WWTPs. The exergy of the water (𝐸𝑤) used in the treatment 

processes refers to the exergy of the water consumed in cleaning and diluting chemical products, 

measured by water meters at the stations. These terms account for material and energy flows that 

either exit the system or are consumed during treatment. Notably, 𝐸𝑀 is currently not recovered in 

the plants studied and is included to reflect potential optimization. 𝐸𝑝𝑜𝑙+𝑐𝑜𝑎𝑔 corresponds to the 

chemical energy embodied in reagents that are not reutilized. 

By calculating 𝐸𝐷𝑒𝑠𝑡, it is possible to identify the main inefficiencies and irreversibilities in 

the treatment process, supporting the development of strategies for energy recovery, emissions 

reduction, and overall process optimization. 

2.3 Biogas Recovery Potential 

Methane produced during anaerobic digestion in the studied WWTPs flares without energy 

recovery. A hypothetical recovery scenario was developed to evaluate its energy potential in which 

the biogas is purified and used to power an internal combustion engine coupled to a generator. 

The chemical exergy of methane was estimated based on its average lower heating value 

(𝐿𝐻𝑉𝐶𝐻4
) of 10.85 kWh m–3, which is representative of purified methane typically obtained from 

biogas upgrading (Jordão, 2007; Vilardi et al., 2020). An overall conversion efficiency (𝜂) of 20% 

was assumed for the combined system (engine + generator), in line with small-scale applications 

in decentralized energy recovery systems (Jordão, 2007; L.C. S. Lobato, 2011).  

The daily volume of methane produced (𝑄𝐶𝐻4
) was estimated using the methodology 

proposed by the IPCC (2006) and adapted by Lobato (2011) which relates methane generation to 

chemical oxygen demand (COD) removal (detailed in the SM through Eqs. (S1–S4)). The average 

COD removal efficiencies from 2020 to 2023 were 95.19% and 95.53% for the North and South 

WWTPs, respectively. According to Lobato (2011), high COD removal enhances methane 

generation by reducing dissolution losses, gas-phase emissions, and sulfate interference. The useful 

exergy output from methane recovery was calculated using Eq. (5) (Nourin et al., 2021). 
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𝐸𝐶𝐻4,𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 𝑄𝐶𝐻4
. 𝐿𝐻𝑉𝐶𝐻4

. 𝜂 
(5) 

This estimation supports the construction of a methane-to-energy recovery scenario, 

contributing to the improvement of process efficiency and to reduces GHG emissions associated 

with flaring (the pollution potential of methane is approximately 80 to 86 times greater than that of 

CO2 within a 20-year period and 28 to 34 times greater within a 100-year period, according to 

(IPCC, 2013). 

2.4 Life Cycle Assessment - GHG in WWTPs 

2.4.1 Goal and Scope 

LCA was carried out using Sphera’s LCA for Experts software (v.10.9.0.20, old GaBi), 

adopting a cradle-to-grave approach. GHG emissions were characterized using the IPCC AR6 

methodology (100-year time horizon), including biogenic carbon. The assessment contemplated a 

carbon footprint analysis, focusing on the GWP impact category. All background data were 

obtained from the integrated databases of Sphera LCA for Experts, supplemented by Ecoinvent 

database (v.3.11). The system boundaries comprise the influent raw sewage (or raw wastewater), 

chemical products and electricity used in its treatment and diesel oil for trucks used in sludge 

transport, resulting in three main outputs: sludge, effluent treated wastewater (or sewage), and 

biogas. The system configuration is illustrated in Figure 3 and further detailed in Figure S1.2 (SM), 

which presents the technological model developed within the Sphera software. 

Influent transport for sludge was modeled using the Euro VI 32-ton truck available in the 

software’s transport library. This vehicle type was selected due to its alignment with current 

European emission standards and its suitability for representing heavy-duty transport in municipal 

waste collection systems. Its inclusion allows for a realistic estimate of transport-related emissions, 

particularly relevant for centralized treatment scenarios. The trucks were assumed to consume 5.2 

L of diesel per kilometer traveled, with total operational distances of 29.69 km for WWTP-N and 

45.40 km for WWTP-S. CO2 emissions from diesel combustion were disregarded because reliable 

measurements were not available. 

Three scenarios were analyzed. In the first (Sc1), all biogas generated during the treatment 

process are directly emitted to the atmosphere, without energy recovery. In the second scenario 

(Sc2), the biogas is entirely combusted in a flare system, mitigating methane emissions. 
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Figure 3. System boundaries for the LCA (carbon footprint) of WWTPs, including diesel oil for 

sludge transport, effluent treated sewage, and biogas handling under three scenarios: Scenario (Sc1) 

– without flaring, (Sc2) – with flaring, and (Sc3) – energy recovery (biogas directed to a combined 

heat-and-power unit).  

For this scenario, fugitive emissions were considered as 10% of the total biogas produced, 

comprising 5% of methane remaining in the residual gas phase and 5% lost through leaks and 

condensate purges, as reported by Possetti et al. (2021), and aligned with the 5% estimate used by 

Ranieri et al. (2024b) to represent typical leakage during handling and combustion processes in 

wastewater treatment plants.  

The third scenario (Sc3) introduces energy recovery, with the biogas directed to a combined 

heat-and-power unit that, assuming a 20% conversion efficiency, generates electricity for plant 

operations and heat for the digesters, thereby enhancing emissions reduction and improving the 

system’s energy self-sufficiency.  

The energy recovery potential was estimated based on the lower heating value (LHV) of 

biomethane, as detailed in the SM.  
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2.4.2 Life Cycle Inventory 

In alignment with international protocols, particularly the GHG Protocol, GHG emissions 

from wastewater treatment systems are categorized into three scopes: Scope I (Direct emissions): 

Emissions directly resulting from processes under the control of the operator, such as biological 

treatment and on-site fuel combustion; Scope II (Indirect emissions): Emissions associated with 

purchased electricity, heat, or cooling; Scope III (Other indirect emissions): Emissions upstream 

or downstream of the value chain, including sludge transport and infrastructure (IPCC, 2006; WRI 

and WBCSD, 2004). 

In WWTPs, indirect emissions are primarily associated with producing electricity 

consumed by the treatment processes. Meanwhile, direct emissions arise primarily from the 

biological processes of nitrification, denitrification, and anaerobic digestion. These reactions 

include water vapor, methane (CH4), nitrous oxide (N2O), and carbon dioxide (CO2), as 

summarized in Table S4.2 (SM).  

CO2 emissions result from aerobic and anaerobic fermentation reactions, methane 

combustion, and the use of fossil fuels to transport sludge and other byproducts. Emissions 

associated with electricity consumption were estimated considering the Brazilian energy mix in 

Sphera LCA software. 

CH4 emissions stem from anaerobic degradation of organic matter and are calculated based 

on biogas volumes, methane content, and flaring practices. Although CH4 is commonly flared, 

reducing its warming potential, its volume and concentration are typically measured only for 

research purposes or energy generation prospects, and the data for the assessed WWTPs were not 

available. Therefore, its emissions were estimated using mathematical models such as the one 

proposed by Chernicharo (2016), detailed by Equations S1.2 - S3.2 (SM). 

N2O emissions result from the breakdown of nitrogenous compounds, such as nitrates and 

proteins, during the aeration phase. N2O is an intermediate product in both nitrification and 

denitrification processes, and its formation is influenced by operational parameters such as pH, 

temperature, and the concentrations of dissolved oxygen and nitrites (N2O⁻). Highlighted the 

limited number of studies on N2O emissions in Brazilian WWTPs, although interest in this topic 

has been growing (Daudt, 2019; Daudt et al., 2019). Emission rates can vary significantly 

depending on the treatment technology, operational conditions, pollutant load, altitude, and local 
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climate. Consequently, reliable assessments of the environmental impact and mitigation strategies 

for N2O remain limited. 

The most national studies still apply the methodology established by the (IPCC, 2006), 

particularly Eq. (6), which estimates N2O emissions in kg year–1 using commonly measured 

influent and effluent nitrogen concentrations, with adjustments for plant-specific conditions 

(Ribeiro, 2017; Ribeiro et al., 2018). 

𝐸𝑁2𝑂𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛
=  𝑃 . GUWWTP . FDic . FEWWTP  (6) 

Here, 𝑃 stands for the population corresponding to the wastewater treatment plant, 𝐺𝑈𝑊𝑊𝑇𝑃 

denotes the plant utilization rate in percentage, while FDic refers to the industrial and commercial 

discharge factor, which is commonly assumed to be 1.25. Finally, FEWWTP is the specific emission 

factor to the WWTP, expressed in grams of N2O per capita per year. 

Based on a weighted average from several Brazilian studies, the emission factor was 

corrected to 7.81 g N2O per capita per year for the characteristics of WWTPs in Brasília - such as 

treatment type, scale, altitude (~1,100 m), mild climate, and predominantly domestic sewage 

composition with high nitrogen removal efficiency (Daudt, 2019; Daudt et al., 2019). The resulting 

corrected emission factor led to the simplified Eq. (7) being adopted in this study. This approach 

ensures a more accurate estimation of N2O emissions under local operating conditions. 

𝐸𝑁2𝑂𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛
=  𝑃 . GUWWTP . ( 1.25) . ( 7.81)  

(7) 

Figure 3 illustrates the energy and mass flows, and Table S5.2 (SM) presents the LCI 

tabulated values used for the assessment, structured by treatment station and scenario. All flows 

are expressed per hour of operation. Inventory inputs and outputs include influent transport, energy 

and reagent consumption, sludge and effluent generation, and biogas emissions or flaring. Biogas 

composition was considered 60% CH4 and 40% CO2 by volume. 

2.5 Exergy-Based Environmental Indicators 

In this section, environmental metrics such as environmental exergy efficiency and the exergy 

renewability index were calculated and compared between both WWTPs to assess resource 

depletion and sustainability.  
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As thermodynamic conversion processes, the energy, operational, and environmental performance 

of WWTPs can be evaluated and compared through exergy efficiency and environmental 

indicators. In thermodynamic systems, there are distinct formulations for determining the exergy 

efficiency of processes, depending on the objective of the determination and the defined control 

volume, generally expressed as the ratio between the exergy of the desired product and the exergy 

introduced. 

Mora Bejarano and Oliveira (2006) and Khosravi et al. (2013), based on the work of (Makarytchev, 

1998), used environmental exergy efficiency (𝜂𝑒𝑥) and the pollution rate (𝜏𝑝𝑜𝑙) as evaluation 

criteria for WWTPs. They concluded that exergy analysis is a coherent approach aligned with 

technological options that prioritize environmental sustainability and is useful for quantifying and 

optimizing the environmental performance of both process units and entire WWTPs (Khosravi et 

al., 2013). The similarity between the technologies and treatment processes studied by these authors 

and those of the North and South WWTPs supports applying and evaluating those criteria to these 

plants. 

Environmental exergy efficiency (𝜂𝑒𝑥) calculated by Eq. (8) (Khosravi et al., 2013) is the ratio 

between the exergy of the final product (kW) or exergy of nutrients in the wastewater effluent (𝐸𝑛) 

and the total exergy (kW) of natural resources and inputs consumed in the treatment processes 

(inputs). 

𝜂𝑒𝑥 =
𝐸𝑛

(𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐 + 𝐸𝐸𝑙𝑒𝑐𝑡 +  𝐸𝑤 + 𝐸𝑡𝑟)
𝐼𝑓𝑙

 

(8) 

Increasing exergy efficiency reduces resource consumption, minimizes waste and 

emissions, and consequently decreases environmental impact while improving the environmental 

performance of processes at the treatment plants. It serves as an indicator of the theoretical potential 

for process improvements. However, excessive electricity usage and other inputs, as well as the 

failure to utilize methane for electricity generation and sludge for agricultural purposes, contribute 

to reduced efficiency. 

Meanwhile, the total pollution rate (𝜏𝑝𝑜𝑙), given by Eq. (9) (Khosravi et al., 2013), is the 

ratio between destroyed exergy (kW), including waste and emissions, and the exergy (kW) of the 

final product (𝐸𝑛), or the useful effect of the process. 
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𝜏𝑝𝑜𝑙 =  
𝐸𝐷𝑒𝑠𝑡 + (𝐸𝑑𝑠 + 𝐸𝑀)

𝐸𝑛
 

(9) 

In addition to these indicators, Kotas (1985) introduced the exergy renewability index (𝜆) 

to wastewater treatment systems, given by Eq. (10), also explored by Fitzsimons et al. (2016) and 

Mora Bejarano (2009). This index is defined as the ratio between the exergy (kW) of the final 

product in the wastewater treatment system or useful effect (𝐸𝑛), and the sum of exergies (kW) of 

non-renewable resources used in the wastewater treatment system (𝐸𝐸𝑙𝑒𝑐𝑡 + 𝐸𝑡𝑟), the chemical 

exergy of formation and composition of the influent sewage (𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐)
𝑎𝑓𝑙

, the exergy of the 

water used in processes (𝐸𝑤), sludge deactivation exergy (𝐸𝑝𝑜𝑙+𝑐𝑜𝑎𝑔), methane exergy in produced 

biogas (𝐸𝑀) or emissions exergy, and waste exergy (𝐸𝑑𝑠). Polymers and coagulants are added to 

facilitate and increase the sedimentation rate of suspended solids in the sludge, so their chemical 

exergy is accounted for as deactivation exergy. 

𝜆 =  
𝐸𝑛

(𝐸𝐸𝑙𝑒𝑐𝑡 + 𝐸𝑡𝑟 + (𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐)
𝑎𝑓𝑙

+ 𝐸𝑤 − 𝐸𝑝𝑜𝑙+𝑐𝑜𝑎𝑔 − 𝐸𝑑𝑠 − 𝐸𝑀)
 

(10) 

According to Hellström; Kärrman (1997), the renewability index addresses a limitation of 

exergy analysis, which does not account for whether exergy sources are renewable. The index 

quantifies the system’s capacity to restore the environment to its pre-process conditions. However, 

it is essential to define the size and compatibility of the control volume appropriate for the analysis, 

as it influences the value of 𝜆. If the control volume is excessively large, it encompasses more 

energy conversion processes, reducing the index value due to increased irreversibility and the 

contribution of non-renewable inputs to the process, especially when comparing different 

wastewater treatment processes. 

In most real cases, 𝜆 < 1, indicating that the treatment system operates in an 

environmentally unfavorable manner, as it does not restore the initial conditions of the processes, 

meaning there is no useful utilization of the exergy generated in the WWTPs. If 𝜆 = 1, the 

renewable exergy surpasses the non-renewable exergy, and the treatment occurs in an 

environmentally balanced manner. If 𝜆 > 1, the system generates renewable exergy exceeding the 

non-renewable demand, and the surplus can be used to restore the environment to its pre-process 

conditions. 
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3 RESULTS AND DISCUSSION 

3.1 Assessment of the North and South WWTPs 

Due to its larger collection area, the flow rate of influent wastewater at the South WWTP 

(108,058.44 m³ day–1) is significantly higher than that of the North WWTP (45,308.50 m³ day–1).  

However, during the rainy season in Brasília, flows increase significantly due to rainwater 

infiltration into the sewage collection networks, overloading the WWTPs, increasing energy 

consumption and input, and reducing treatment efficiency. Figure 4 shows the average flows of 

influent wastewater from each plant from 2020 to 2023 and the average monthly rainfall index over 

the last 30 years in Brasília (INMET, 2024). 

 

Figure 4. Daily influent wastewater flow at the North and South WWTPs over 12 months and the 

average rainfall index for Brasília (×102 mm). 

Table 3 presents the measurement data from the plants used in the exergy calculations 

(CAESB, 2024b). Although polymers and coagulants used for sludge deactivation are introduced 

as inputs, they are accounted for alongside waste and emissions when calculating the indicators. In 

addition, Table 6.2 (SM), and Figures S1.2-S4.2 (SM) present a statistical comparison between the 

North and South WWTPs based on the mean values and standard deviations of 18 operational and 

performance parameters. The results highlight significant differences (𝑝 < 0.05) across most 

indicators, particularly in influent flow rates, energy consumption, and chemical usage.  
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Table 3. Operational and performance data of wastewater treatment processes used in the exergy 

analysis, including influent/effluent concentrations, removed compounds, and removal efficiencies 

at the North and South WWTPs. 

Measured data North WWTP  South WWTP 

Average SD d  Average SD d 

Inputs and outputs a  

Influent wastewater flow (m³ day–1) 45,308.50 2903.87  108,058.44 12326.62 

Power (kWh day–1) 27,950.06 1389.25  45,364.49 2505.74 

Process water (m³ day–1) c 108.41 -  212.91 - 

Polyanionic (kg day–1) 37.98 4.95  112.22 17.33 

Polycationic (kg day–1) 132.57 12.90  333.56 26.87 

Aluminum sulfate (kg day–1) 5,248.70 612.01  11,341.40 985.75 

Hydrated lime (kg day–1) 318.44 49.44  358.42 78.27 

Dewatered sludge (m³ day–1) 58.73 4.59  116.13 11.53 

Removed compounds and removal rates a 

Total Nitrogen Influent (mg L–l) 65.12 3.71  64.35 7.61 

Total Nitrogen Effluent (mg L–l) 8.02 1.85  7.78 1.06 

Removal Rate (%) 87.69 -  87.92 - 

Phosphorus Influent (mg L–l) 7.04 0.51  6.66 0.98 

Phosphorus Effluent (mg L–l) 0.33 0.07  0.23 0.06 

Removal Rate (%) 95.29 -  96.59 - 

Suspended Solids Influent (mg L–l) 307.32 31.45  221.84 23.01 

Suspended Solids Effluent (mg L–l) 6.30 0.62  4.47 0.8 

Removal Rate (%) 97.95 -  97.99 - 

COD Influent (mg L–l) 656.00 43.31  533.45 80.3 

COD Effluent (mg L–l) 31.50 3.02  23.46 2.93 

Removal Rate (%) 95.20 -  95.60 - 

BOD Influent (mg L–l) 350.06 33.39  332.32 46.33 

BOD Effluent (mg L–l)  6.16 1.43  7.62 1.64 

Removal Rate (%) 98.24 -  97.71 - 

E. coli Influent (MPN 100mL) b 1.57E+07 7.62E+06  1.07E+07 2.39E+06 
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E. coli Effluent (MPN 100mL) 1.05E+05 3.76E+04  5.11E+04 3.37E+04 

Removal Rate (%) 99.33 -  99.52 - 

a Monthly daily average over twelve months during 2020-2023. b MPN – Most Probable Number 

per 100 mL. c. The monthly average reported by the treatment plant. d SD – Standard deviation. 

Source: With data from (CAESB, 2024a). 

The South WWTP, which serves a broader catchment area, consistently exhibited higher 

values for energy demand (1,378,526.37 ± 111,759.38 kWh day⁻1 vs. 849,284.27 ± 36,926.69 kWh 

day⁻1), sludge production, and chemical inputs, including aluminum sulfate and polymeric 

coagulants. Despite these scale differences, both plants achieved similarly high removal 

efficiencies due to their similar technologies for COD, BOD, total nitrogen, phosphorus, suspended 

solids, and E. coli, with no statistically significant discrepancies in effluent quality metrics. These 

findings suggest that while the operational loads and resource requirements scale proportionally 

with plant capacity, treatment effectiveness remains consistently high in both systems. 

Electricity consumption accounted for a substantial portion of total exergy input: 27,950.05 

kWh day–1 at North WWTP and 45,364.49 kWh day–1 at South WWTP. Dewatered sludge volumes 

were also notably higher at the South WWTP, at 116.13 m3 day–1 compared to 58.73 m³ day–1 at 

the North WWTP, further contributing to operational energy demands. 

The high electricity consumption in treatment processes and the daily transport of 

dewatered sludge account for the reduced exergy efficiency and the high residual pollution rate of 

plants. In the first case, this demand is intrinsic to the high pollutant removal efficiency of the 

treatment process (around 98%). In the second case, it is due to the distance between the WWTPs 

and the disposal site, as well as the high moisture content of the sludge (approximately 97%). 

Recent international studies reinforce the importance of evaluating precipitation impacts on 

wastewater treatment systems under the lens of climate change. Reznik et al., (2020), through an 

econometric analysis of 163 WWTPs across China, demonstrated that average annual and intra-

annual precipitation variability significantly influence operational and maintenance costs. Their 

results indicate that plants exposed to greater rainfall variability tend to experience increased 

treatment costs due to process instabilities and overloading events, especially when stormwater is 

combined with sewage flow. Similarly, Ranieri et al. (2024a) assessed seven major WWTPs in 

Apulia, Southern Italy, and found a direct correlation between rainfall intensity and electrical 

consumption. For instance, in the Lecce plant, energy consumption rose from 0.36 to 0.51 kWh m–
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3 as rainfall intensity increased from 0.8 mm min–1 to 2.9 mm min–1. The study also noted a 

reduction in BOD removal efficiency under high precipitation conditions, likely due to dilution and 

hydraulic overloads (Ranieri et al., 2024a).  These findings corroborate the behavior observed in 

Brasília, where increased rainfall leads to higher influent volumes and potential performance drops, 

especially in activated sludge systems designed for average flow conditions. 

3.2 Exergy of Treatment Processes 

3.2.1 Chemical Exergy of Wastewater Compounds 

The chemical exergy of compounds in the influent and effluent wastewater, as well as in 

the dewatered sludge (𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐), was estimated based on COD, nitrogen, phosphorus, and iron 

concentrations. These four components were selected due to their relevance to organic and nutrient 

loads, while other constituents presented negligible contributions to total exergy. The values were 

calculated using Eq. (3), based on data presented in Tables 2 and 3, following the methodology 

detailed in the SM. Results are summarized in Table 4. 

The chemical exergy of the influent was considerably higher than that of the effluent in 

both facilities, reflecting effective removal of exergy-carrying compounds. In both WWTPs, COD 

was the dominant contributor, accounting for approximately 87% of the total chemical exergy in 

the influent. Nitrogen contributed around 13% in the North and 17% in the South WWTPs, while 

phosphorus and iron together accounted for less than 1%.  

The effluent retained only 3.9% and 4.1% of the original chemical exergy in the North and 

South WWTPs, respectively, confirming high removal efficiency. Notably, nitrogen remained the 

primary residual contributor in the effluent, reflecting the challenges of complete nitrogen removal 

in biological systems.  

These values align with those reported by Khosravi et al., (2013), who estimated a total 

chemical exergy input of approximately 3.3 MW for a comparable urban wastewater treatment 

plant.  

In our study, the North WWTP exhibited an influent chemical exergy load of 2.48 MW, 

while the South WWTP reached 4.57 MW, reflecting differences in treatment capacity and organic 

load. 
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Table 4. Total chemical exergy of organic matter (𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐) for the main compounds in the 

mixture at the North and South WWTPs. 

Compounds in the mixture a North WWTP South WWTP 

Influent Wastewater Exergy (kW) 

COD 2,165.86 3,762.66 

Nitrogen 315.24 810.04 

Phosphorus 0.33 0.77 

Iron 0.06 0.10 

(Ech,f + Ech,c) Influent 2,481.49 4,573.57 

Effluent Wastewater Exergy (kW) 

COD 42.14 53.46 

Nitrogen 53.67 133.36 

Phosphorus 0.01 0.01 

Iron 0.01 0.02 

(Ech,f + Ech,c) Effluent 95.83 186.85 

Dewatered Sludge Exergy (kW) 

COD 9.98 14.99 

Nitrogen 0.11 0.31 

Phosphorus 0.02 0.02 

Iron 0.00 0.00 

(𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐) Sludge 10.11 15.32 

a Monthly daily average. 

3.2.2 Exergy of Operational Resources and Generated Byproducts 

Table 5 presents the results of the exergy calculations for operational resources used and 

generated byproducts, considering the quantities consumed, produced, and the standard chemical 

exergy (𝐸𝑐ℎ,𝑛𝑒

0 ) values from the general tables of Szargut (1989). The standard chemical exergy of 

regular S-500 diesel fuel is determined based on the chemical composition C14.09H24.78 proposed by 

Jannatkhah et al. (2020).  

Methane production, while significant (55.69% and 60.35% of total exergy at the North and 

South WWTPs, respectively) was not utilized for energy recovery, representing a major untapped 



 

97  

resource. The difference between the exergy of the sludge discharged from the two WWTPs results 

from the different composition of the influent wastewater. 

Table 5. Exergy of consumed inputs and generated byproducts (outputs) at the North and South 

WWTPs. 

 

North WWTP South WWTP 

𝐸𝑐ℎ,𝑛𝑒

0  

(kJ g–1) 

Quantity 

(g s–1) 

Exergy 

(kW) 
𝐸𝑐ℎ,𝑛𝑒

0   (kJ g–1) 
Quantity 

(g s–1) 

Exergy 

(kW) 

Inputs a 

Process water 0.05 1,254.80 62.74 0.05 2,464.20 123.21 

Diesel 45.43 1.62 73.60 45.43 2.50 113.58 

Electricity - - 1,164.59 - - 1,890.19 

Byproduct (outputs) a 

Dewatered 

sludge 
14.42 0.70 10.10 11.04 1.448 15.99 

CH4 produced 51.8 40.66 2,106.19 51.8 78.06 4,043.51 

Polymers b 40.00 1.97 78.80 40.00 5.16 206.40 

Hidrated lime c 2.30 3.69 8.49 2.30 4.15 9.55 

Aluminum 

sulfate c 
1.00 60.75 60.75 1.00 131.27 131.27 

a Monthly daily average. b Anionic and cationic polymers. c Coagulants. 

3.2.3 Exergy Balance 

Table 6 presents the detailed exergy balance for the North and South WWTPs, calculated 

based on Eq. (2). The analysis integrates data on influent composition, operational inputs, outputs, 

and waste streams from Tables 2 to 5. Complementary Sankey diagrams in Fig. 5(a) and (b) 

visually illustrate the distribution of exergy flows within each facility. 

A predominant feature of both systems is the significant exergy irreversibility. Exergy 

losses and destruction accounted for 97.47% of total input exergy at North WWTP and 97.21% at 

South WWTP, underscoring the inherent inefficiencies in conventional activated sludge processes. 

Such high degrees of irreversibility are consistent with previous findings for biological treatment 

systems, where biochemical reactions and energy-intensive operations contribute substantially to 

exergy dissipation (Przydatek, 2024).  



 

98  

Methane accounted for 55.68% and 60.35% of total exergy at the North and South WWTPs. 

However, the actual operational setup flares this methane, resulting in substantial exergy losses 

and environmental emissions. Electricity usage was the second largest contributor to exergy input 

(30.79% and 28.21% at the North and South WWTPs, respectively). This highlights the need for 

energy-efficient technologies in aeration and pumping systems, reinforcing observations by 

Ghimire et al. (2021), who associated these units with substantial operational and environmental 

burdens.  

Table 6. Exergy balance (kW) of the North and South WWTPs. Percentages are relative to influent 

exergy. 

Components Exergy (kW) Symbols 

Plants 

North 

WWTP 
(%) 

South 

WWTP 
(%) 

Influent Wastewater (𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐) 2,481.5 65.6 4,573.6 68.3 

Electricity 𝐸𝐸𝑙𝑒𝑐𝑡. 1,164.6 30.8 1,890.2 28.2 

Sludge Transport 𝐸𝑡𝑟 73.4 1.9 113.6 1.7 

Process water 𝐸𝑤𝑎𝑡𝑒𝑟 62.7 1.7 123.2 1.8 

(1) Total Influent Exergy (inputs)  3,782.3 100,0 6,700.6 100,0 

Effluent Wastewater 𝐸𝑛 95.8 2.5 186.8 2.8 

(2) Total Effluent Exergy (output)  95.8 2.5 186.8 2.8 

Methane (CH4) 𝐸𝑀 2,106.2 55.7 4,043.5 60.4 

Dewatered Sludge 𝐸𝑑𝑠 10.1 0.3 16.0 0.2 

Polymers and Coagulants 𝐸𝑝𝑜𝑙+𝑐𝑜𝑎𝑔 148.0 3.9 347.2 5.2 

(3) Lost Exergy (waste + emissions)   2,264.3 59.9 4,406.7 65.8 

(4) Destroyed + Lost Exergy (1) – (2)  3,686.4 97.5 6,513.7 97.2 

(5) Destroyed Exergy (1) – (2)– (3) 𝐸𝐷𝑒𝑠𝑡 1,422.1 37.6 2,107.0 31.4 

Finally, the contribution of chemical additives (polymers and coagulants) and sludge 

transport to the exergy balance, although relatively small (approximately 5% combined), should 

not be overlooked. Although these percentages may seem minor, they impose significant 

environmental and economic costs due to the sludge’s high moisture content and transport 

distances (B. Muzaffar et al., 2022; Delre et al., 2019). Exploring local reuse strategies, such as 
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utilizing sludge for agricultural applications or producing biochar (Chagas et al., 2024; Cruz et al., 

2024; Menezes et al., 2022), could mitigate these impacts and contribute to circular economy 

principles (Jiang et al., 2020; Lazić et al., 2020). 

 

Figure 5. Sankey exergy flow diagrams for wastewater treatment plants considering the exergy 

balances (kW) for (a) the North WWTP and (b) the South WWTP. 

3.3 Potential Useful Exergy of Produced Methane 

Table 7 presents the estimated methane volumes produced in the WWTPs and the 

corresponding energy recovery potential under a hypothetical electricity generation scenario. On 

average, the North and South WWTPs produced 5,347.2 and 10,264.9 m3 day⁻1 of methane, 

equivalent to 2,417.4 and 4,640.6 kWh day⁻1 of chemical energy content, respectively. Considering 

a conversion efficiency of 20%, the potential electrical energy that could be recovered reaches 

483.5 kWh day⁻1 in the North plant and 928.1 kWh day⁻1 in the South plant. 

These values correspond to only 1.73% and 2.05% of the total consumption, respectively, 

compared to the current electricity demand. This indicates that while biogas recovery has limited 
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capacity to meet overall plant demands, it could still contribute to operational efficiency and 

emissions reducing, especially if redirected for thermal uses such as sludge drying with direct 

flaring. 

Table 7. The percentage of electrical energy potentially produced with CH4 at the North and South 

WWTPs. 

Plants North 

WWTP 

South 

WWTP 

𝑄𝐶𝐻4
 (m3 day–1) 5,347.20 10,264.90 

LHV (kWh m–3) 10.85 10.85 

CH4 Energy (kWh day–1) 1,322.50 2,538.80 

(A) Actual Energy production a (kWh day–1) 483.48 928.12 

(B) Energy consumption in WWTPs (kWh day–1) 27,950.06 45,364.49 

(A)/(B) b (%) 1.73 2.05 

a Potential energy generation with 20% efficiency. b Ratio of energy generation to energy 

consumption. 

Figure 6 provides a detailed monthly profile of methane production and associated exergy 

from 2020 to 2023. Figure 6(a) shows that the South WWTP consistently produced higher volumes 

of methane across all months, with peaks above 12,000 m3 month⁻1 observed in the dry season 

(August and December). North WWTP shows more stability, with monthly production between 

4,600 and 5,800 m3. These differences are attributed to the higher treatment capacity of the South 

plant and possibly to variations in organic load. 

Figure 6(b) shows the corresponding chemical exergy of the produced methane. The South 

WWTP reached values near 4,900 kWh month⁻1 by the end of the year, while the North WWTP 

remained below 2,300 kWh month⁻1. These results reinforce the potential of the South plant to 

serve as a decentralized source of energy, even at partial recovery. These findings highlight the 

relevance of integrating biogas recovery strategies and refining emission estimates as part of 

broader sustainability goals in urban wastewater treatment, discussed next. 
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Figure 6. (a) Methane production at the WWTPs and (b) exergy associated with the produced 

methane, based on 12-month averages from 2020 to 2023. Source: Adapted data from (CAESB, 

2024a). 

3.4 Life Cycle Assessment - Carbon Footprint 

The climate impact of WWTPs was assessed through the quantification of GHG emissions 

using the IPCC AR6 methodology. The analysis included both fossil and biogenic carbon flows 

and considered direct and indirect emissions within the defined system boundaries. Results are 

expressed as total emissions (kgCO2eq.), avoided emissions from biogas flaring, and specific 

emissions per equivalent inhabitant (kgCO2eq.PE–1year–1), where PE denotes the population 

served.  

Table 8 presents the GWP results for both wastewater treatment plants, considering the 

three scenarios: (Sc1) uncontrolled atmospheric emission (baseline), (Sc2) flaring, and (Sc3) 

energy recovery through electricity production. Considering Scenario Sc1, North WWTP reported 

emissions reaching 1,757.59 kg CO2eq., while in South WWTP, they amounted to 3,344.98 kg 

CO2eq. In contrast, the adoption of biogas flaring (Sc2) reduced emissions to 1,062.28 kg CO2eq. 
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and 2,010.23 kg CO2eq., respectively, avoiding emissions, relative to Sc1, of 695.31 kg CO2eq. for 

WWTP-N and 1,334.75 kg CO2eq. for WWTP-S, representing relative reductions of 39.56% and 

39.90%. Further mitigation was observed in the energy recovery scenario (Sc3), where emissions 

were reduced to 971.12 kg CO2eq. in WWTP-N and 1,835.23 kg CO2eq. in WWTP-S. Compared 

to the baseline (Sc1), these values correspond to avoided emissions of 786.47 kg CO2eq. (44.75%) 

and 1,509.74 kg CO2eq. (45.13%), respectively. The results highlight the substantial climate 

benefit of adopting biogas flaring as a mitigation strategy in WWTP, as also indicated by the 

literature (Parravicini et al., 2022; Ranieri et al., 2024b, 2023; Sharawat et al., 2021; Singh et al., 

2020).  

Table 8. Climate change impact results for North and South WWTPs under three biogas 

management scenarios (Sc1, Sc2 and Sc3). 

 North WWTP South WWTP 

Indicator Sc1 Sc2 Sc3 Sc1 Sc2 Sc3 

Population served (PE) 144,763 144,763 144,763 383,205 383,205 383,205 

Total GHG emissions (kgCO2eq.) 1,757.59 1,062.28 971.12 3,344.98 2,010.23 1,835.23 

Avoided emissions (kgCO2eq.) – 695.31 786.47 – 1,334.75 1,509.74 

Relative reduction (%) – 39.56% 44.75% – 39.90% 45.13% 

Emissions per PE (kgCO2eq.PE–1 

year–1) 

106.36 64.28 58.77 76.47 45.95 41.95 

Sc1 – without biogas flaring; Sc2 – with biogas flaring; Sc3 – with energy recovery. 

When normalized by the population served, the emission in the baseline scenario were 

106.36 and 76.47 for North and South WWTP. Obtained results lower than those reported by 

Ranieri et al., (2023), who quantified 134.6 kg CO2eq.PE–1 year–1 in anaerobic treatment systems 

without gas recovery.  

In Scenario (Sc2), emissions dropped to 64.28 and 45.95 kg CO2eq.PE–1 year–1 for WWTP-

N and WWTP-S, respectively. These values align with literature benchmarks. For instance, Ranieri 

et al. (2024b) assessing a WWTPs in southern Italy’s reported emissions of 83 kg CO2eq. PE–1year–

1 under baseline configurations, which dropped to 62 kg CO2eq. PE–1 year–1 considering flaring. In 

the energy recovery scenario (Sc3), specific emissions were reduced by 44.75% in WWTP-N and 
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45.13% in WWTP-S compared to the baseline (Sc1), reaching 58.77 and 41.95 kg CO2eq. PE–1 

year–1, respectively.  

These values fall below the emission ranges reported by Patel et al. (2025), who observed 

43–53% reductions in climate impacts from bio methanation systems, depending on the electricity 

source. 

Overall, the results reinforce the importance of biogas management strategies for reducing 

the climate impact of wastewater treatment. Implementing flaring, although not the most energy-

efficient use of biogas, presents a low-cost and effective solution for GHG mitigation when energy 

recovery is not feasible. 

3.5 Exergy Indicators and Destroyed Exergy 

Table 9 shows the calculated results for environmental exergy efficiency (𝜂𝑒𝑥), pollution 

rate (𝜏𝑝𝑜𝑙), and renewability index (𝜆) considering the conditions without methane utilization and 

with methane utilization through energy recovery. 

Table 9. Exergy indicators with and without theoretical methane utilization at the plants. 

Plants 
Without CH4 use With CH4 use 

𝜂𝑒𝑥 𝜏𝑝𝑜𝑙 𝜆 𝜂𝑒𝑥 𝜏𝑝𝑜𝑙 𝜆 

North WWTP 0.024 36.92 0.063 0.053 26.98 0.079 

South WWTP 0.027 33.00 0.081 0.062 25.01 0.110 

The indicators obtained in this study are proportionally consistent with the literature. For 

example, the exergetic efficiency of the North and South WWTPs without methane valorization 

(𝜂𝑒𝑥 of 0.024 and 0.027, respectively) are in close agreement with those reported for the Barueri 

WWTP (0.021–0.024) by Mora Bejarano, Oliveira (2006). The improvement in exergy efficiency 

(𝜂𝑒𝑥) observed under methane recovery (from 0.024 to 0.053 at the North WWTP and from 0.027 

to 0.062 at the South WWTP, representing increases of 120.8% and 129.6%, respectively) is lower 

than the reported by Khosravi et al. (2013), who observed a 192% increase in exergetic efficiency 

(from 0.0614 to 0.179), following process optimization in a municipal WWTP. 

Pollution rates (𝜏𝑝𝑜𝑙) obtained under baseline conditions (36.9 and 33.0) also align well 

with the 𝜏𝑝𝑜𝑙 ≈ 34.2 reported for the Barueri plant (Mora Bejarano and Oliveira, 2006). These 

similarities are attributed to analogous treatment technologies (activated sludge with high organic 
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and nutrient removal) and similar flow conditions. Applying energy recovery from methane, the 

pollution rate decreased to 26.98 and 25.01 for North and South WWTPs, respectively, reflecting 

reductions of 26.9% and 24.2%, and enhanced sustainability with biogas utilization. If the sludge 

is also used for agricultural purposes, efficiencies would increase even further, and the pollution 

rate would reduce and could be eliminated.  

The renewability index values (λ = 0.063 for the North WWTP and 0.081 for the South 

WWTP) indicate that both plants still operate in an environmentally unfavorable manner due to the 

limited utilization of recoverable exergy in methane and sludge. Under methane recovery, these 

values increase to 0.079 and 0.110, respectively, representing relative improvements of 25.4% and 

35.8%. This enhancement reflects progress toward more sustainable system configurations by 

promoting the partial recovery of energy that would otherwise be lost. These values are slightly 

higher than the λ = 0.048 reported for Barueri by Mora Bejarano and Oliveira (2006), likely due 

to specific operational conditions and possibly narrower system boundaries in the present analysis. 

Under methane recovery, the values increase to 0.079 (North WWTP) and 0.110 (South WWTP). 

These findings confirm the importance of methane valorization, as reported by Erguvan and 

MacPhee (2021) and Ghimire et al. (2021), particularly in enhancing resource circularity and 

reducing fossil energy reliance. 

Table 10 presents the values of destroyed exergy in the treatment processes under baseline 

conditions (without methane recovery), the additional destroyed exergy when methane is valorized, 

and the amount of exergy that becomes recoverable in this scenario.  

Under baseline conditions, the destroyed exergy accounted for 1,422.09 kW at the North 

WWTP (representing 37.60% of the total influent exergy) and 2,106.98 kW at the South WWTP 

(31.44%). These values reflect the high energy demand for pollutant removal and the losses 

associated with sludge and untreated methane. 
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Table 10. Destroyed exergy without and with methane utilization and recoverable destroyed 

exergy. 

Plants 

Destroyed Exergy (𝐸𝐷𝑒𝑠𝑡)  Recoverable 

Exergy (2) - (1) Without CH4 use (1) With CH4 use (2) 

(kW) (%) a (kW) (%) a (kW) (%) a 

North  1,422.09 37.60 2,575.53 68.10  1153.44 30.50 

South  2,106.98 31.44 5,003.80 74.68  2896.82 43.23 

a Percentage is relative to the influent exergy at the plants. 

When methane recovery is incorporated into the system, destroyed exergy increases to 

2,575.53 kW at the North WWTP and to 5,003.80 kW at the South WWTP. Although these values 

appear higher, they include the transformation of biogas into usable energy, which shifts a portion 

of previously lost energy into the recoverable domain. Consequently, 1,153.44 kW (30.50% of 

influent exergy) becomes recoverable at the North WWTP, and 2,896.82 kW (43.23% of influent 

exergy) at the South WWTP.  

This shift highlights the significant contribution of methane valorization to exergy recovery. 

While the total destroyed exergy appears numerically higher, this results from including the 

recovery pathway and its transformation losses. The net effect is a substantial gain in usable exergy 

and an improvement in overall system efficiency. The South WWTP, with its larger influent 

volume and methane production, presents a greater absolute recovery potential, demonstrating the 

relevance of scale for energy integration strategies. These findings emphasize the importance of 

converting high-exergy components such as methane into useful energy forms, thereby reducing 

resource degradation, and improving environmental performance. 

4 LIMITATIONS AND PROSPECTS 

One limitation is the reliance on operational data from the North and South WWTPs in 

Brasília, which, while representative of urban systems in similar regions, may not fully reflect the 

diversity of treatment technologies and operational contexts globally. The findings are particularly 

relevant to activated sludge systems but may require adaptation for other treatment configurations. 

Additionally, the study focused on steady-state exergy analysis, capturing system 

performance under current operating conditions. Dynamic factors, such as variations in influent 

composition, pollutant loads, or operational changes over time, were not explored but could 



 

106  

significantly influence exergy balances and efficiency. Economic and logistical considerations of 

proposed interventions, such as methane-to-energy systems or sludge reuse strategies, were not 

quantitatively assessed, leaving gaps in understanding their feasibility and scalability. 

Future research should expand the scope by integrating dynamic modeling to capture 

temporal variations in treatment performance and emissions (Deutsch et al., 2022). Exploring the 

economic viability of methane recovery systems and innovative sludge reuse approaches across 

diverse geographical and technological contexts will further enhance the practical applicability of 

the findings. These efforts can contribute to advancing sustainable wastewater management 

practices globally, enhancing the role of treatment systems in climate change mitigation and 

resource recovery, and supporting the transition toward more resilient and sustainable urban 

infrastructure. 

5 CONCLUSIONS 

This study demonstrates the relevance of exergy analysis combined with GHG 

quantification, LCA and sustainability indexes as an integrated framework for identifying 

inefficiencies and supporting improvements in wastewater treatment. The North and South 

WWTPs in Brasília achieved high pollutant removal efficiencies (>95%), yet exhibited exergy 

destruction rates of 97.47% and 97.21%, respectively. Electricity consumption accounted for 

30.79% and 28.21% of total exergy input, reinforcing the need for energy-efficient technologies. 

Methane flaring represented a major source of exergy loss, with methane accounting for 55.68% 

and 60.35% of input exergy.  

Under energy recovery scenarios, exergy efficiency increased by 120.8% at North WWTP 

and 129.6% at South WWTP. The pollution rate dropped by 26.9% and 24.2%, while the 

renewability index improved by 25.4% and 35.8%, respectively. Although sludge transport 

contributed less than 2% of exergy input, daily volumes exceeded 100 m3, imposing significant 

environmental and logistic costs. Local reuse alternatives, such as agricultural application or 

biochar production, offer promising mitigation routes.  

From the LCA perspective, total GHG emissions were reduced by 39.56% (North) and 

39.90% (South) through flaring, and by 44.75% and 45.13% with biogas-to-electricity conversion. 

Emission intensities reached as low as 58.77 and 41.95 kg CO2eq. PE–1 year–1, aligned to 

benchmarks reported in literature. Overall, the findings highlight the role of integrated exergy–
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LCA approaches in supporting climate mitigation, circular economy strategies, and the transition 

toward more sustainable wastewater infrastructure. 
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SUPPLEMENTARY MATERIAL 

SM1 - FIRST ARTICLE 

1 Resume 

This Supplementary Material provides the full descriptive context and the complete tabular 

data that support the analyses reported in the manuscript “Towards Sustainable Urban Water 

Management: A Thermodynamic–Environmental Nexus Approach”. Each subsection explains 

data measurement, how the operating conditions relate to the system topology, and how the values 

should be interpreted inside the study boundaries.  

2 Methodology 

2.1 Raw water pumping stations (RWPS) characterization 

2.1.1 Torto RWPS 

The Torto RWPS RWPS (blue indicator – 4 in Figure 1(b), 15°46´37.769"S and 

47°54´23.721"W) is one of the three main abstraction subsystems that supply raw water to the 

Brasília WTP. It is located along the Torto stream and operates four MPAs, identified as 01(A+B), 

02(A+B), 03(A+B), and 04(A+B). Each MPA is installed in a (3+1) configuration, in which two 

units operate simultaneously under normal conditions while one remains on standby to ensure 

redundancy and continuous service. Each MPA itself is composed of two identical centrifugal 

pumps connected in series, designated as stages A and B. Both pumps are mounted on a common 

shaft and driven by a high-power electric motor equipped with a soft starter to minimize 

mechanical stress and electrical current peaks during start-up.  

MPAs 01 and 02 are equipped with Allis-Chalmers model 213-909-507/18×16/SF 

centrifugal pumps, while MPAs 03 and 04 operate with Worthington model 12-LN-26/BX 24888 

pumps. All units are designed for continuous operation under high head conditions and are 

connected to the main Torto and Santa Maria (will be seen in the next item) raw water pipelines 

with a nominal diameter of 1,000 mm. 

Under normal conditions, suction is provided directly from the Torto intake channel. 

However, during specific hydraulic situations such as overpressure in the Santa Maria pipeline, 

MPAs 01 and 02 operate under bypass mode, indicated with an asterisk in Table S1.1. 
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Table S1.1. Measured and catalogued operational characteristics of the Main Pumping Stations at the Torto raw Water 

Pumping Systems (WPS). 

WPS Torto 

Manufacturer Allis Chalmers Worthington 

MPA 01 (A+B) 02 (A+B) 01 (A+B)* 02 (A+B)* Catalogs 

inform. 

03 (A+B) 04 (A+B) Catalogs 

inform. 

𝑸̇ (L s–1) 726.1 655.8 726.1 655.8 - 730.1 708.6 763.1 

𝑯𝒎 (m) 141.4 140.3 101.4 100.3 - 143.2 143.3 143.0 

𝑷𝒉 (kW) 1,006.9 902.4 722.0 645.0 - 1,025.3 995.7 1,070.2 

𝑷𝒆 (kW) 1,281.0 1,245.1 918.5 890.2 - 1,387.4 1,336.4 1,341.0 

𝑷𝒙 (kW) 1,230.9 1,196.7 882.7 855.5 - 1,333.3 1,284.7 1,289.4 

I (A)* 373.0 348.0 373.0 348.0 392.0 3890 393.0 395.0 

𝜼𝒎 (%) 96.1 96.1 96.1 96.1 96.1 96.1 96.1 96.1 

𝜼𝒃 (%) 81.8 75.4 81.8 75.4 84.0 76.9 77.5 83.0 

𝜼𝒈(%) 78.6 72.5 78.6 72.5 80.7 73.9 74.5 79.8 

𝒇𝒑 0.90 0.93 0.90 0.93 - 0.88 0.86 - 

Symbology: 𝑄̇ – flow; 𝐻𝑚 – manometric head; 𝑃ℎ – hidraulic power; 𝑃𝑒 –electric power; 𝑃𝑥 – axe power; I – measured current; 

𝜂𝑚 – electric motor efficiency; 𝜂𝑏 – pump efficiency; 𝜂𝑔 – motor pump efficiency; 𝑓𝑃 – power factor. The (2+1) configuration 

ensures operational redundancy and allows alternating duty cycles, preventing excessive wear of individual units. Each MPA 

consists of two pumps (A and B) connected in series on a single shaft and powered by a common high-capacity motor with a 

soft starter. Bypass operation (*) corresponds to suction assisted by the Santa Maria discharge line, reducing total dynamic 

head and power demand. Catalog data are included only for comparison and are excluded from inventory calculations. Source: 

Source: With data from (CAESB, 2024a). 
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In this configuration, the suction side of the Torto WPS receives pre-pressurized water 

from the Santa Maria discharge line. This reduces the required suction head and leads to a 

significant reduction in electrical power consumption, with an average decrease of approximately 

20 to 25 percent compared to normal operation. 

Measurements included suction and discharge pressures, flow rate, current, voltage, and 

power factor. Performance testing followed the Brazilian Standard NBR 6400 (ABNT, 1989) for 

hydraulic flow pumps. The resulting data are summarized in Table S1.1, which also includes 

catalog values provided by CAESB (2024) for reference. 

2.1.2 Santa Maria RWPS 

The Santa Maria RWPS is located on the Santa Maria stream and represents one of the 

main raw water abstraction units of the Brasília WSS. It operates in an integrated manner with the 

Torto and Bananal systems, discharging water through a 1,000 mm diameter pipeline that 

converges toward the Brasília WTP. 

The system consists of three MPAs, identified as 05(A+B), 06(A+B), and 07(A+B). Each 

MPA is arranged in a (2+1) configuration, in which two units operate simultaneously under normal 

conditions while one remains on standby to guarantee operational continuity. Each MPA contains 

two identical pumps connected in series (stages A and B) mounted on a single shaft and driven by 

a high-power electric motor equipped with a soft starter to reduce transients during start-up. 

All MPAs at Santa Maria is assembled with Worthington centrifugal pumps, model 12-

LN-26/BX 24888, which are designed for medium-head operation with relatively high flow rates. 

The system presents uniform flow and head conditions across the three MPAs, though slight 

variations are observed due to the different commissioning years of each installation. Over time, 

minor differences in motor efficiency and hydraulic performance have been recorded, mainly 

related to aging and the need for reactive power compensation. 

The performance parameters summarized in Table S2.1 were measured according to the 

Brazilian Standard NBR 6400 (ABNT, 1989), which specifies the procedures for hydraulic 

performance and cavitation testing of centrifugal pumps. Measurements were performed by 

CAESB and include suction and discharge pressures, flow rate, current, voltage, and power factor. 

The data reflects steady-state conditions under nominal flow rates and are consistent with the 
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equipment catalog information provided by the manufacturer. MPAs with Sulzer pumps, which 

can replace the current ones, are also being assembled in parallel. 

Table S2.1. Measured and catalogued operational characteristics of the Main Pumping Stations 

at Santa Maria WPS, with actual (Worthington) and possible substitution (Sulzer) pump. 

WPS Santa Maria 

Pump brand Worthington Sulzer 

MPA 05 (A+B) 06 (A+B) 07 (A+B) 
Catalog 

informs. 
05 (A+B) 06 (A+B) 07 (A+B) 

𝑸̇ (L s–1) 702.2 681.3 784.6 785.9 725.00 725.00 725.00 

𝑯𝒎 (m) 101.2 100.1 104.5 101.8 112.00 112.00 112.00 

𝑷𝒉 (kW) 696.9 668.8 804.1 784.6 795.00 795.00 795.00 

𝑷𝒆 (kW) 1,155.7 1,127.8 1,367.4 1,284.1 966.32 966.32 966.32 

𝑷𝒙 (kW) 1,111.5 1,083.9 1,313.8 1,234.0 928.63 928.63 928.63 

I (A)* 320.0 306.0 358.0 399.0 297.6 297.6 297.6 

𝜼𝒎 (%) 96.1 96.1 96.1 96.1 96.10 96.10 96.10 

𝜼𝒃 (%) 62.7 61.7 61.2 63.6 85.61 85.61 85.61 

𝜼𝒈(%) 60.3 59.3 58.8 61.1 82.27 82.27 82.27 

𝒇𝒑 0.91 0.91 0.92 - 0.92 0.92 0.92 

Symbology: 𝑄̇ – flow; 𝐻𝑚 – manometric head; 𝑃ℎ – hidraulic power; 𝑃𝑒 –electric power; 𝑃𝑥 – axe 

power; I – measured current; 𝜂𝑚 – electric motor efficiency; 𝜂𝑏 – pump efficiency; 𝜂𝑔 – motor 

pump efficiency; 𝑓𝑃 – power factor. Source: With data CAESB (2024a).  

2.1.3 Bananal 1 and Bananal 2 RWPS 

The Bananal RWPS, called Bananal 1 and Bananal 2, operate in parallel and are responsible 

for supplying additional water from the Bananal stream to the Santa Maria pipeline. Both systems 

are critical components of the raw water abstraction infrastructure that feeds the Brasília WTP, 

complementing the flows provided by the Torto and Santa Maria systems. 

Each subsystem operates with three MPAs installed in a (2+1) configuration, meaning that 

two assemblies operate simultaneously while one remains on standby for redundancy and 

reliability. Within each MPA, the pumps are driven by individual high-efficiency electric motors 

with soft starters to minimize current peaks and mechanical stress during start-up. 

Bananal 1 RWPS is assembled with KSB vertical submersible pumps, model KRTK 300-

400/506XG-S, each with an impeller diameter of 321 mm. These units operate under low head and 

high flow conditions, supplying water from shallow levels to the main suction chamber that leads 

toward the Santa Maria line. The system allows operation in three possible configurations: a single 

pump (1), two pumps in parallel (1+2), or three pumps in parallel (1+2+3). Flexibility in operation 
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ensures adaptability to seasonal variations in flow and water level. 

Bananal 2 RWPS operates under significantly higher head conditions and is assembled 

with IMBIL horizontal centrifugal pumps, model BP 250-700 C, with an impeller diameter of 633 

mm. These pumps inject water directly into the Santa Maria pipeline, with discharge heads ranging 

from 152 to 160 m. Like as Bananal 1, the station can operate with one, two, or three pumps in 

parallel, according to demand for raw water transfer to the treatment plant. 

Performance tests were conducted according to the Brazilian Standard NBR 6400 (ABNT, 

1989), including measurements of pressure, flow, electrical current, voltage, and power factor. The 

data presented in Table S3.1 represent measured averages for 2022–2023 under normal operating 

conditions. 

Table S3.1. Measured and catalog pump characteristics of Bananal 1 and 2 WPS. 

WPS 

Pump brand 

Bananal 1 Bananal 2 

KSB Imbil 

MPA 08 Catalog inform 09 Catalog inform 

𝑸̇ (L s–1) 440.5 750.0 440.8 750.0 

𝑯𝒎 (mca) 8.0 11.7 153.5 160.2 

𝑷𝒉 (kW) 35.4 88.2 674.1 1,178.3 

𝑷𝒆 (kW) 49.0 128.6 883.5 1,552.9 

𝑷𝒙 (kW) 44.9 117.7 846.8 1,487.7 

I (A)* 72.0 96.0 102.0 102.0 

𝜼𝒎 (%) 91.5 91.5 95.8 95.8 

𝜼𝒃 (%) 78.9 74.9 79.6 79.2 

𝜼𝒈 (%) 72.2 68.5 76.3 75.9 

𝒇𝒑 0.79 0.79 0.84 0.84 

Symbology: 𝑄̇ – flow; 𝐻𝑚 – manometric head; 𝑃ℎ – hidraulic power; 𝑃𝑒 –electric power; 𝑃𝑥 – axe power; I – measured 

current; 𝜂𝑚 – electric motor efficiency; 𝜂𝑏 – pump efficiency; 𝜂𝑔 – motor pump efficiency; 𝑓𝑃 – power factor. 

*Averages between 2022 and 2023  CAESB (2024a). KSB pump model KRTK 300-400/506XG-S, impeller diameter 

321 mm; Imbil pump model BP 250-700 C, impeller diameter 633 mm. Source: The Author with data CAESB 

(2024a)). Each Bananal subsystem operates in a (2+1) configuration with three pumps installed in parallel to meet 

variable flow demands. Bananal 1 is designed for low head and high flow transfer using submersible KSB pumps, 

while Bananal 2 handles high head injection using horizontal Imbil pumps. The combination (1+2) indicates the 

number of active pumps operating in parallel. Both systems discharge into the Santa Maria pipeline, allowing 

combined pumping operation during peak water demand periods. 

Those RWPS represent the highest electricity consumption in the WSS, with demand 

directly proportional to the required flow rate and pumping head. To ensure operational safety and 

prevent damage to pipelines and pumps, the system incorporates check valves, flow block valves, 

suction devices, and protection systems against hydraulic transients (energy/exergy dissipators).  
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2.1.4 Inventory and resume of energy demand of RWPS. 

The power consumption of the RWPS corresponds to the energy required to overcome 

static head and hydraulic losses along the pipelines that connect the abstraction units to the 

treatment plant. Variations among systems are due to differences in manometric head, discharge 

length, and flow rate.  

The Torto RWPS presents the highest demand due to its elevated pumping head and four 

high-capacity MPAs operating continuously. Two operational configurations are considered for 

the Torto system: (i) the normal configuration, in which MPAs 01(A+B) to 04(A+B) operate under 

standard suction from the Torto intake, and (ii) the bypass configuration, where MPAs 01(A+B) 

and 02(A+B) are replaced by their bypass equivalents (01(A+B)* and 02(A+B)*), operating under 

reduced suction head by hydraulic assistance from the Santa Maria discharge line. 

The Santa Maria and Bananal systems operate under normal conditions and use only 

measured operational data. Bananal 1 operates at low head and high flow with submersible KSB 

pumps, whereas Bananal 2 operates at high head using horizontal IMBIL brand pumps connected 

directly to the Santa Maria pipeline.  

This configuration represents an alternative operational mode that is occasionally adopted 

during high-demand or maintenance periods. The subtotal “Torto (normal)” corresponds to the 

continuous operation of MPAs 01–04 under standard suction conditions from the Torto intake. 

The subtotal “Torto (bypass substitution)” represents an alternative scenario in which MPAs 01 

and 02 are replaced by their bypass equivalents, while MPAs 03 and 04 remain under normal 

conditions.  Catalog and current average values were excluded from the inventory, as they serve 

only as reference data for equipment specification and are not representative of actual field 

operation. Electrical power values correspond to average steady-state measurements under full-

load conditions, recorded by CAESB during 2022–2023. 

Table S4.1a shows the consolidated electrical power inventory for all raw water pumping 

subsystems, highlighting the two operational configurations of the Torto RWPS (normal and 

bypass substitution) and the measured power demand of each MPA obtained from CAESB 

(2024a). The subtotals for Santa Maria, Bananal 1, and Bananal 2 RWPSs correspond exclusively 

to measured operation and reflect the total power delivered by the motor–pump assemblies during 

nominal discharge. Table S4.1b summarizes the energy balance in the RWPs. 



 

119  

Table S4.1a. Inventory of power of installed RWPS Torto, Santa Maria and Bananal 1 and 2. 

RWPS MPA or block 

Electrical 

power 

(kW) 

Description 

Torto  01 (A+B) 1,281 Allis-Chalmers model 213-909-507/18×16/SF 

Torto  02 (A+B) 1,245.1 Allis-Chalmers model 213-909-507/18×16/SF 

Torto  03 (A+B) 1,387.4 Worthington model 12-LN-26/BX 24888 

Torto  04 (A+B) 1,336.4 Worthington model 12-LN-26/BX 24888 

Torto  Subtotal – normal 5,249.9 
 

Torto  01 (A+B) * 918.5 Reduced suction head (Santa Maria-assisted) 

Torto  02 (A+B) * 890.2 Reduced suction head (Santa Maria-assisted) 

Torto  03 (A+B) 1,387.4 Worthington model 12-LN-26/BX 24888 

Torto  04 (A+B) 1,336.4 Worthington model 12-LN-26/BX 24888 

Torto  Subtotal – bypass  4,532.5 Substitutes 01–02 by their bypass equivalents 

Santa Maria  05 (A+B) 1,155.7 Worthington model 12-LN-26/BX 24888 

Santa Maria  06 (A+B) 1,127.8 Worthington model 12-LN-26/BX 24888 

Santa Maria  07 (A+B) 1,367.4 Worthington model 12-LN-26/BX 24888 

Santa Maria  Subtotal – St Maria 3,650.9 
 

Bananal 1  08 (1), 08 (1+2), 08 

(1+2+3) 

258.4 KSB submersible pumps (low head) 

Bananal 2  09 (1), 09 (1+2), 09 

(1+2+3) 

3,162.8 IMBIL horizontal pumps (high head) 

The symbol (*) identifies bypass operation, in which the suction head of the Torto pumping units 01(A+B) 

and 02(A+B) is reduced due to hydraulic pressurization from Santa Maria discharge line. 

Table S4.1b. Summary of effective electrical power balance RWPS. 

System MPA or block Electrical power 

(kW) 

Description 

Torto 01 (A+B)* 918.5 Reduced suction head (Santa Maria-

assisted) 

Torto 02 (A+B)* 890.2 Reduced suction head (Santa Maria-

assisted) 

Torto 03 (A+B) 1387.4 Worthington model 12-LN-26/BX 

24888 

Torto Subtotal Torto 4532.5 Substitutes 01–02 by their bypass 

equivalents 

Santa Maria  05 (A+B) 1155.7 Worthington model 12-LN-26/BX 

24888 

Santa Maria  06 (A+B) 1127.8 Worthington model 12-LN-26/BX 

24888 

Santa Maria  Subtotal St Maria 6816 
 

Bananal 1 WPS 08 49 KSB submersible pumps (low head) 

Bananal 2 WPS 09 883 Imbil horizontal pumps (high head) 

Bananal Subtotal Bananal 932 
 

The symbol (*) identifies bypass operation, in which the suction head of the Torto pumping units 01(A+B) 

and 02(A+B) is reduced due to hydraulic pressurization from the Santa Maria discharge line. 

  



 

120  

2.2 Exergy analysis of RWPS 

Table S5.1 Exergy balance in the gross WPS with the current MPS with bypass water at Torto 

RWPS and replacement of the MPS pumps at Santa Maria RWPS with Sulzer brand pumps. 

RWPS 
Torto  Santa Maria  

Bananal 

1 

Bananal 

2 
Total (kW) 

Current Current Subst Current Current Current Subst 

Ẋ𝐸𝑖𝑛𝑝𝑢𝑡,𝑅𝑊𝑃𝑆 (kW) 3,196.1 2,283.5 1,932.6 49.0 883.5 6,412.1 6,061.2 

Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙,𝑅𝑊𝑃𝑆 ̇  (kW) 2,392.4 1,365.7 1,590.0 35.4 674.1 4,467.6 4,691.9 

Ẋ𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝑅𝑊𝑃𝑆 (kW) 582.0 774.9 202.7 6.18 143.6 1,506.7 934.5 

Ẋ𝐸𝑖𝑟𝑟𝑒𝑣.,𝑅𝑊𝑃𝑆 (kW) 221.8 142.9 139.9 7.5 65.8 438.0 435.0 

3.3 Inventory of energy demand and exergy balance of Brasília WTP 

2.3.1 Electrical consumption at the Brasília WTP 

WTP represents the final and most energy-intensive stage of the urban water system. It 

includes several unit processes—flocculation, flotation, filtration, chemical dosing, and sludge 

handling—each of which involves electromechanical equipment powered by medium- and low-

voltage systems, as the Table S6.1 shows. All devices are automatically controlled through 

variable frequency drives and soft starters to ensure stable operation and energy efficiency. 

The electrical power values correspond to average operational measurements obtained 

during steady-state operation at nominal flow conditions. The equipment list includes only 

process-related devices directly involved in water treatment and auxiliary operations. 

Administrative buildings, workshops, and external infrastructure were excluded from the 

inventory. Each power value represents the effective motor input power, including transmission 

losses and the rated efficiency of the drive systems. The total electrical demand (616.6 kW) 

corresponds to the sum of all measured equipment loads and represents approximately 5 % of 

the total energy consumption of the Brasília water supply system under normal operation. All 

motors are controlled through variable frequency drives (VFDs) and soft starters, which reduce 

starting currents and improve power factor stability across the treatment stages. The data were 

compiled from CAESB’s operational logs and verified with field measurements collected 

between 2022 and 2023, forming the basis for the exergy and LCA modeling in Sections 2.3 and 

2.4 of the main text. 
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Table S6.1. Electrical power inventory of the Brasília WTP. 

Equipment 

Nr. of 

units 

Unit 

power 

(kW) 

Total 

power 

(kW) 

Remarks 

Flocculation agitators 
18 2.2 39.6 

Paddle-type mechanical agitators 

with variable speed 

Recycling pumps 
8 37 296 

Recirculation of treated water for 

flotation and backwash 

Air compressor 
1 29.4 29.4 

Used for the dissolved air flotation 

(DAF) unit 

Foam scrapers 
16 0.25 4 

Mechanical surface skimmers at 

flotation tanks 

Submersible agitators 2 1.7 3.4 Mixing of clarified water 

Blowers 2 45 90 Backwashing of filter media 

Filter washing pumps 
3 44.7 134.1 

Water supply for rapid filter 

cleaning 

Fluoride dosing 

pumps 
2 0.18 0.36 

Fluorosilicic acid dosing system 

PAC dosing pumps 
2 0.18 0.36 

Polyaluminum chloride dosing 

system 

Geo-calcium dosing 

pumps (1) 
1 1.1 1.1 

Calcium hydroxide dosing system 

Geo-calcium dosing 

pumps (2) 
5 0.75 3.75 

Additional dosing units for lime 

slurry 

Lighting and auxiliary 

systems 
1 14.5 14.5 

Indoor and outdoor lighting, 

monitoring, and control 

Total internal WTP demand 616.6 Total electrical load of WTP 

The inventory presented in Table S6.1 lists each equipment type, the number of installed 

units, and the corresponding power demand CAESB (2024). These data are derived from 

CAESB’s operational records and field measurements conducted during 2022–2023. The total 

internal power demand of the WTP amounts to 616.6 kW, which represents approximately 5.0 

percent of the total electricity consumption of the Brasília water supply system under normal 

operation. 

2.3.2 Chemical inputs for the Brasília WTP 

The chemical inventory summarizes the reagents employed at the Brasília WTP and quantifies 

their respective standard chemical exergies. These inputs correspond to the materials used during 

flocculation, pH correction, fluoridation, disinfection, and sludge conditioning processes. The inventory 

is essential for evaluating the exergo environmental performance of the system, as chemical exergy 

accounts for the embedded energy potential associated with each reagent’s molecular composition and 
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production pathway. The chemical composition and specific exergy coefficients were obtained from the 

database of Szargut, Morris, and Steward (1988), as recommended for exergy analyses of chemical 

processes. Flow rates and consumption values were derived from CAESB’s operational data (2024a) and 

represent the average steady-state operation of the plant. 

Each reagent plays a specific role in maintaining water quality and treatment efficiency. 

Polyaluminum chloride (PAC) is used as the main coagulant to promote particle agglomeration during 

the flocculation stage. Calcium hydroxide (Ca (OH)2) serves as an alkalizing agent, regulating the pH and 

optimizing the coagulation reaction. Fluosilicic acid (H2SiF6) is applied for fluoridation, ensuring 

compliance with public health requirements for fluoride concentration. Chlorine gas (Cl₂) is used as a 

disinfectant to eliminate pathogenic microorganisms before water distribution. Finally, an anionic 

polyelectrolyte is added in small quantities as a coagulation aid, improving the formation and settling of 

flocs. 

The exergy content of each chemical was determined by multiplying its mass flow rate by its 

specific chemical exergy, expressed in kilojoules per gram. Table S7.1 show detailed inventory, including 

the mass flow rates, exergy coefficients, and total exergy contributions of each substance. 
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Table S7.1. Chemical inputs used in the Brasília WTP and their standard chemical exergy. 

Chemical input Function or process 

stage 

Mass flow 

(g s⁻¹) 

Specific exergy 

(kJ g⁻¹) 

Total exergy 

(kW) 
Remarks 

Polyaluminum 

chloride (PAC) 

Coagulant dosing 

during flocculation 
20.45 40 817.92 

Main coagulant; responsible for turbidity removal and 

solids aggregation 

Calcium hydroxide 

(Ca (OH)2) 

pH correction and 

alkalization 
10.8 2.3 24.84 

Alkalizing agent that enhances coagulant efficiency and 

precipitation reactions 

Fluosilicic acid 

(H2SiF6) 
Fluoridation 8.87 0.52 4.61 

Provides fluoride for dental health control; low exergy 

contribution 

Chlorine gas (Cl2) Disinfection 3.82 2.46 9.39 
Primary disinfectant ensuring microbiological safety of 

treated water 

Anionic 

polyelectrolyte 
Coagulation aid 0.15 40 6.16 

High exergy value despite small dosage; improves floc 

structure 

Total 862.9 Sum of all chemical exergy contributions 

Specific exergy values were obtained from the reference database of Szargut, Morris, and Steward (1988). Mass flow rates were derived from 

CAESB’s operational records and represent steady-state average conditions during 2022–2023.  

2.3.3 Dewatered sludge of Brasilia WTP 

Table S8.1- Characteristics of the dewatered sludge from the Brasília WTP 

WTP Flow 

rate 

(L s–1) 

Sludge 

production 

(g s–1) 

COD 

(mg L–1) 

Sludge density  

(g cm–3) 

MW 

(mg mol–1) 

MW 

(mol L–1) 

Polychloride 

used 

(g s–1) 

Polychloride MW 

(g mol) 

Density of polychloride, 

aluminum, and iron (g cm–3) 

2,461 76.09 132.5 1,030 97,120 0.0137 3.68 101.96 3.99 

MW – molecular weight. 

Table S9.1 - Exergy of the main compounds of the sludge from the Brasília WTP. 

Compound 

Influent xi 𝐸𝑐ℎ,𝑛𝑒

0 * 

(1)  

 

 

 

(2) 

(1) + (2) 

Specific 

chemical 

exergy 

Exergy of the 

compound 

(mol L–1) (mol mol–1) (kJ mol–1) (kJ/mol–1)    (kJ mol –1) (kJ mol–1) (kJ L–1) (kW) 
Total 

% 

COD 0.0137 0.02214 1,322.06 29.2721 2.478 0.0137 -4.2926 -0.2356 29.0366 0.3969 0.029 0.4 

Aluminum 0.489 0.79157 210.46 166.5916 2.478 0.489 -0.7161 -1.4049 165.1868 80.7215 5.963 90.7 

Iron 0.115 0.18628 374.16 69.7003 2.478 0.115 -2.1628 -0.9986 68.7018 7.9007 0.58 8.9 

Total 0.617 1.00000 1,906.67 265.5641    -2.6390 262.9251 89.0191 6.576 100.0 

∑ (𝜇
𝑖𝑖 − 𝜇

0,𝑖
) 𝑥𝑖 

𝑅𝑇0 (𝑎𝑖) 𝑙𝑛(𝑎𝑖) 
𝑅𝑇0 ∑ 𝑥𝑖 𝑙𝑛(𝑎𝑖) 
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2.4 Exergy Analysis of Water Distribution (TWPS and Losses) 

Table 10.1a shows the operational data and exergy balance of the TWPS, Table 10.1b, as 

mentioned in the item 3.3.4. 

Table S10.1a. Operational data and performance of the TWPS. 

MPA 1 1+2 1+2+3 Average 

Pump IMBIL brand, model BP 300-340A, 380 mm rotor 

𝑄̇ (L s–1) 402.5 786.8 1,198.3 857.97 

𝐻𝑚 (mca) 50.7 53.6 55.3 50.21 

𝑃ℎ (kW) 200.1 413.6 649.8 422.5 

𝑃𝑒 (kW) 283.4 582.1 919.2 597.6 

𝑃𝑥 (kW) 246.5 506.2 799.3 519.6 

I (A)* 103.5 103.5 103.5 103.5 

𝜂𝑚 (%) 94.8 95.1 95.4 95.4 

𝜂𝑏 (%) 81.2 81.7 81.3 81.3 

𝜂𝑔 (%) 77.0 77.7 77.6 77.6 

𝑓𝑝 0.85 0.85 0.85 0.85 

Source: The Author with data CAESB (2024). 

Table S10.1b. Exergy balance and performance of the TWPS. 

MPS 1 1+2 1+2+3 Current 

media 

Pump IMBIL brand, model BP 300-340A, 380 mm rotor 

Ẋ𝐸𝑖𝑛𝑝𝑢𝑡,𝑅𝑊𝑃𝑆 (kW) 283.4 582.1 919.2 597.6 

Ẋ𝐸𝑢𝑠𝑒𝑓𝑢𝑙,𝑅𝑊𝑃𝑆 ̇  (kW) 200.1 413.6 649.8 422.5 

Ẋ𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝑅𝑊𝑃𝑆 (kW) 28.3 53.9 86.4 33.75 

Ẋ𝐸𝑖𝑟𝑟𝑒𝑣.,𝑅𝑊𝑃𝑆 (kW) 55.0 114.7 183.0 141.35 

ε (%) 70.6 71.0 70.7 70.7 

𝐸̇𝑝/𝐸̇𝑎 (%) 10.0 9.3 9.4 5.6 

During water distribution, significant exergy and treated water depletion occur due to real 

losses caused by leaks, ruptures in over-pressurized networks, especially during nighttime 

operation, aging infrastructure, defective seals, and malfunctioning valves and flow control 

devices. Additionally, periodic discharges from public pipelines and reservoirs contribute to such 

losses. Preventive maintenance of pressure control systems and network monitoring can mitigate 

these effects, employing hydraulic energy dissipation valves (macro-metering) to regulate pressure 

and flow.  

Apparent losses also occur at consumer connections (micro-metering), including 

inaccuracies in water meters, unauthorized connections, meter reading errors, and calibration 

issues. The total water loss in supply systems can be quantified using the total loss index (𝐼𝑃, in 
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%) and the loss index per connection (𝐼𝑃𝐿, in L Con–1 day), according to the methodology adopted 

by the National Sanitation Information System (SNIS, 2023): 

𝐼𝑃 (%)  =  ((𝐴𝐺006 +  𝐴𝐺018 −  𝐴𝐺010 −  𝐴𝐺024) / (𝐴𝐺006 +  𝐴𝐺018 

−  𝐴𝐺024)) 𝑥 100 

(S1) 

𝐼𝑃𝐿 =  ((𝐴𝐺006 +  𝐴𝐺018 −  𝐴𝐺010 −  𝐴𝐺024) 𝑥 10³) / (𝐴𝐺002 𝑥 10³) / 365 (S2) 

where: 

• 𝐴𝐺002: number of active water connections; 

• 𝐴𝐺006: annual volume of water produced (103 m3 year⁻1); 

• 𝐴𝐺010: annual volume of water consumed (103 m3 year⁻1); 

• 𝐴𝐺018: annual volume of imported treated water (103 m3 year⁻1; zero if no imports occur); 

• 𝐴𝐺024: annual volume of service water (10³ m³ year⁻1). 

Although some level of total loss (𝑇𝐿) is inherent to any supply system, minimizing it is 

essential to conserve natural water resources, reduce operational and capital expenditures, and 

enhance both exergy efficiency and environmental performance. 

Tables S11.1a and 11.1b summarize the water loss in Federal District and Brasília, with 

respective exergy lost in period 2020-2022 

Table S11.1a Water losses indexes in Federal District. 

Year 

AG002 AG006 AG010 AG024 IP IPL Losses 

(Connections) 
10³ 10³ 10³ 

(%) 
(L conn–1 

day) 
(L s–1) 

(m³ y–1) (m³ y–1) (m³ y–1) 

2022 715810 258311 161766 13917,95 33,81 316,25 2807,76 

2021 706376 254016 156271 13334,01 35,07 327,39 2864,18 

2020 694171 251705 156275 13580,92 34,37 323,04 2781,54 

Average 705452 254677 158104 13611 34,42 322,23 2817,83 

Table S11.1b Water losses in Brasilia and the relative exergy loss. 

Year 

AG002 AG006 AG010 AG024 IP IPL Loss Ẋ𝐸𝑙𝑜𝑠𝑠 

(conn.) 10³(m³ y–1) 10³(m³ y–1) 10³(m³ y–1) (%) 
(L conn–1 

day) 
(L s–1) (kW) 

2022 80.626 41761,64 32540,92 1552,7 19,07 260,56 256,05 282,27 

2021 79.008 42752,58 33740,46 1549,3 18,11 258,79 248,95 268,06 

2020 78.372 44604,09 36399,61 1520,7 15,51 233,65 222,47 229,58 

Average 79.335 43.039 34.227 1.541 17,56 251,00 242,49 259,97 
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Table S12.1. Consistency of mass flow values for the Brasília UWC. 

Stage Flow a Equivalent b Evaluation 

Abstraction 2.461 212.6 Consistent with the nominal capacity of the Brasília WTP 

Distribution 

losses 
0.2425 21 

Typical range of real and apparent losses in urban 

networks 

Delivered to 

consumers 
2.2185 191.7 

Coherent with the water demand of the served population 

WWTP inflow 1.776 153.4 
In line with CAESB’s operational data for Brasília North 

and South WWTPs 

Non-sewered uses 0.4425 38.3 
Compatible with evapotranspiration and infiltration in the 

local climate 

WWTP effluent 1.776 153.4 
Consistent with reported effluent discharge to Lake 

Paranoá 
a (m³/s) b (×10³ m³ day–1) 

 

2.5 Submersible pump (with electric motor) selection for RWPS EAB.RBN.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1.1. Submersible pump systems from RWPS EAB.RBN.001. KSB brand pumps, model 

KRKT 300-400/506XG-S, arrangement (2+1), direct start. 
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Figure S2.1. Performance curve for KRKT 300-400/506XG-S pumps 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.1. System curve for pumps in parallel. Pumps selected for the operating point with three 

pumps, two in operation and one on standby, all meeting the system curve, including flow rates 

higher than specified.   
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2.5 Pump and electric motor selection for RWPS EAB.RBN.002 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Curva de desempenho unitário das bombas BP 250-700 C. 

Figure S4.1. RWPS EAB.RBN.002 injection pump systems. IMBIL brand pumps, model BP 250-

700 C, arrangement (3+1), inverter start. 
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Figure S5.1. Performance curve for IMBIL brand pumps, Model BP 250-700 C, maximum 

impeller diameter 654 mm, and minimum diameter 603 mm. 

Selected motor to motor pump assembly: WEG brand, rated power 800HP (588.4kW), 

60Hz, 1,790 RPM, Insulation class F (155 C), protection degree IP-55, operating voltage 4,160 V 
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SM2 - SECOND ARTICLE 

1 Abstract 

This Supplementary Material provides the full descriptive context and the complete tabular 

data that support the analyses reported in the manuscript “Exergy Loss and Optimization in 

Brazilian Urban Wastewater Treatment: A Study of the Urban Water-Exergy-Environment 

Nexus”. 

Each subsection explains data measurement, how the operating conditions relate to the 

system topology, and how the values should be interpreted inside the study boundaries.  

2 Methodology 

2.1 Sanitation Systems in Brasília: Structure and Operation 

2.1.1 Treatment Process Overview 
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Table S1.2. Description of the dataset of the Study. 

Data Category Description/Parameter Source/Reference Data Type 

Influent flow rate Average daily inflow  CAESB Operational Report a Primary 

Electricity consumption Monthly energy use  CAESB Energy Billing Records a Primary 

Sludge production Dewatered sludge  WWTP Monthly Performance Report a Primary 

Methane flaring Volume flared  Technical Site Inspection  Primary / Calculated 

Biogas production Total biogas generated  Technical Site Inspection  Primary / Calculated 

Chemical consumption Polymer and coagulant use  Internal Operational Logs  Primary 

Treated effluent quality BOD, TSS, TN, TP Laboratory Analysis (CAESB) Primary 

Temperature (air/water) Monthly average  INMET Meteorological Station b Primary 

GHG emissions CH₄, N₂O from sludge and effluent Estimated using IPCC and literature c Secondary / Calculated 

  CO₂ from energy use (Scope 2) Emission factor approach c Secondary / Calculated 

Primary = Directly measured from WWTP or CAESB operational records and meteorological stations. Secondary = Derived from 

external literature. Calculated = Estimated using standardized models or emission factors based on 2020–2023 data. a (CAESB, 2024) , 

b (INMET, 2024); c (Chernicharo, 2016; Daudt, 2019; Daudt et al., 2019; IPCC, 2006; Ribeiro, R. P., 2017; Ribeiro et al., 2018; WRI & 

WBCSD, 2004). 

2.2 Determination of the exergy of organic matter 

Table S2.2. Input operational data for calculating the exergy of organic matter compounds (𝐸𝑐ℎ,𝑛𝑒

0 ) in wastewater and dewatered sludge 

at the North and South WWTPs. 

Phase Influent wastewater (524.4 L s–1) Effluent wastewater (524.4 L s–1) Dewatered sludge (0.683 L s–1) 

Units (mg L–1) MW (mg mol–1) (mol L–1) (mg L–1) MW (mg mol–1) (mol L–1) (mg L–1) MW (mg mol–1) (mol L–1) 

North WWTP 

COD  656.00 200,254.80 3.28E-03 31.50 200,254.80 1.57E-04 1,370.00 97,120.00 1.41E-02 

Nitrogen 65.10 18,040.00 3.61E-03 8.00 18,040.00 4.43E-04 52.72 18,040.00 2.92E-03 

Phosphorus 7.04 97,995.20 7.18E-05 0.30 97,995.20 3.37E-06 73.40 97,995.20 7.49E-04 

Iron 2.59 55,845.00 4.64E-05 0.40 55,845.00 6.49E-06 0.64 55,845.00 1.15E-05 

South WWTP 

COD  533.50 200,254.80 2.66E-03 23.50 200,254.80 1.17E-04 1.10E+03 97,120.00 1.13E-02 
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Nitrogen 64.30 18.040.00 3.56E-03 7.80 18,040.00 4.32E-04 59.13 18,040.00 3.28E-03 

Phosphorus 6.66 97,995.2 6.80E-05 0.23 97,995.20 2.35E-06 45.09 97,995.2 4.60E-04 

Iron 2.11 55,845.00 3.78E-05 0.30 55,845.00 5.29E-06 0.58 55,845.00 1.04E-05 

MW: molecular weight. 

Table S3.2. Exergy of main compounds in the mixture at the North and South WWTPs. 

Parameters 𝒂𝒊  𝒙𝒊  𝑬𝒄𝒉.𝒏𝒆

𝟎 a 

(1) 
∑ (𝝁𝒊𝒊 −
𝝁𝟎.𝒊) 𝒙𝒊 

𝑹𝑻𝟎  𝒍𝒏(𝒂𝒊)  
(2) 

𝑹𝑻𝟎 ∑ 𝒙𝒊 𝒍𝒏(𝒂𝒊)  
(1) + (2) (𝑬𝒄𝒉.𝒇 + 𝑬𝒄𝒉.𝒄)  

Units (mol L–1) (mol mol–1) (kJ mol–1) (kJ mol–1) (kJ mol–1) 
 

(kJ mol–1) (kJ mol–1) (kJ L–1) (kW) 

North WWTP 

Influent wastewater 

COD 3.28E-03 0.46802 2,704.63 1,265.8315 2.478 -5.7199 -6.6350 1,259.1965 4.1302 2,165.86 

Nitrogen 3.61E-03 0.51511 337.21 173.7025 2.478 -5.6240 -7.1801 166.5224 0.6011 315.24 

Phosphorus 7.18E-05 0.01025 870.26 8.9159 2.478 -9.5416 -0.2423 8.6736 0.0006 0.33 

Iron 4.64E-05 0.00662 374.16 2.4773 2.478 -9.9782 -0.1637 2.3135 0.0001 0.06 

Total 7.01E-03 1.00000 4,286.27 1,450.93   -14.2211 1,436.706 4.7320 2,481.48 

Effluent wastewater 

COD 1.57E-04 0.25744 2,009.87 517.414 2.478 -8.7593 -5.5888 511.8250 0.0804 42.14 

Nitrogen 4.43E-04 0.72640 337.21 244.951 2.478 -7.7219 -13.9021 231.0487 0.1024 53.67 

Phosphorus 3.37E-06 0.00553 870.26 4.809 2.478 -

12.6006 

-0.1726 4.6363 0.0000 0.01 

Iron 6.49E-06 0.01064 374.16 3.9817 2.478 -

11.9452 

-0.3151 3.6667 0.0000 0.01 

Total 6.10E-04 1.00000 3,591.50 771.155   -19.9786 751.1768 0.1828 95.83 

Dewatered sludge 

COD 1.41E-02 0.79300 1,322.91 1,049.071 2.478 -4.2616 -8.3758 1,040.6948 14.6738 9.98 

Nitrogen 2.92E-03 0.16422 337.21 55.3789 2.478 -5.8362 -2.3755 53.0034 0.1548 0.11 

Phosphorus 7.49E-04 0.04212 870.26 36.6594 2.478 -7.1968 -0.7514 35.9080 0.0269 0.02 

Iron 1.15E-05 0.00065 374.16 0.2420 2.478 -

11.3732 

-0.0182 0.2238 0.0000 0.00 

Total 1.78E-02 1.00000 2,904.54 1,141.3509   -11.5209 1,129.8300 14.8555 10.10 

South WWTP 

Influent wastewater 
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COD 2.66E-03 0.42050 2,704.12 1137.081 2.478 -5.9294 -6.1775 1,130.9039 3.0082 3,762.66 

Nitrogen 3.56E-03 0.56277 337.21 189.775 2.478 -5.6380 -7.8613 181.9141 0.6476 810.04 

Phosphorus 6.80E-05 0.01075 870.26 9.355 2.478 -9.5960 -0.2556 9.0994 0.0006 0.77 

Iron 3.78E-05 0.00598 374.16 2.236 2.478 -

10.1832 

-0.1508 2.0850 0.0001 0.10 

Total 6.33E-03 1.00 4,285.75 1338.45   -14.4452 1324.0024 3.6565 4573.57 

Effluent wastewater 

COD 1.17E-04 0.21019 1,760.26 369.988 2.478 -9.0533 -4.7147 365.2731 0.0427 53.46 

Nitrogen 4.32E-04 0.77609 337.21 261.707 2.478 -7.7471 -14.8965 246.8101 0.1066 133.36 

Phosphorus 2.35E-06 0.00422 870.26 3.674 2.478 -

12.9611 

-0.1356 3.5384 0.0000 0.01 

Iron 5.29E-06 0.00950 374.16 3.556 2.478 -

12.1497 

-0.2861 3.2697 0.0000 0.02 

Total 5.57E-04 1.00 3,341.89 638.924   -20.0328 618.8914 0.1494 186.85 

Dewatered sludge 

COD 1.13E-02 0.75081 1,323.36 993.595 2.478 -4.4830 -8.3393 985.2555 11.1334 14.99 

Nitrogen 3.28E-03 0.21793 337.21 73.490 2.478 -5.7199 -3.0885 70.4020 0.2309 0.31 

Phosphorus 4.60E-04 0.03056 870.26 26.599 2.478 -7.6843 -0.5819 26.0166 0.0120 0.02 

Iron 1.04E-05 0.00069 374.16 0.259 2.478 -

11.4737 

-0.0196 0.2389 0.0000 0.00 

Total 1.51E-02 1.00000 2,905.00 1,093.942   -12.0294 1,081.9130 11.3763 15.31 
a 𝐸𝑐ℎ.𝑛𝑒

0  × molecular weight. 
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2.3 Biogas Recovery Potential 

The estimation of methane production in anaerobic reactors and its associated exergy begins 

with the calculation of the daily influent COD load theoretically converted into methane (CH₄), as 

expressed in Eq. (S1.2). This relationship considers the daily sewage flow rate and the difference 

between influent and effluent COD concentrations, accounting for the COD used in biomass 

synthesis. 

𝐶𝑂𝐷𝐶𝐻4
 =  𝑄̇. (𝐶𝑂𝐷𝑎  −  𝐶𝑂𝐷𝑒)  −  𝑌𝐶𝑂𝐷 . 𝑄̇. 𝐶𝑂𝐷𝑎 (S1.2) 

Where 𝐶𝑂𝐷𝐶𝐻4
 is the daily COD load convertible into methane (kg day⁻1);  𝑄̇ is the daily influent 

flow rate (m3 day⁻1); 𝐶𝑂𝐷𝑎 and 𝐶𝑂𝐷𝑒 are the influent and effluent COD concentrations, respectively 

(kg m⁻3); 𝑌𝐶𝑂𝐷 is the COD-to-biomass conversion coefficient, ranging from 0.11 to 0.23 kg CODsludge 

kg⁻1 CODinfluent. A value of 0.15 was adopted, as recommended by (Chernicharo, 2016) for systems 

with similar treatment technologies to the WWTPs North and South. 

The daily methane production rate is then calculated using Eqs. (S2.2) and (S3.2): 

𝑄̇𝐶𝐻4
  =

𝐶𝑂𝐷𝐶𝐻4

𝑓(𝑇)
    

(S2.2) 

𝑓(𝑇) =
(𝑃 .  𝐾𝐶𝑂𝐷)

(𝑅(273 +  𝑇))
   

(S3.2) 

Here, 𝑄̇𝐶𝐻₄  is the daily methane flow rate (m3 day–1); 𝑓(𝑇) is the temperature correction factor 

(kg COD m⁻3); 𝑃 is the local atmospheric pressure (atm), with an annual average of 1.006662 atm in 

Brasília (1020 mbar); 𝐾𝐶𝑂𝐷 is the COD equivalent per mole of CH4 (64 g COD mol⁻1); 𝑅 is the 

universal gas constant (0.08206 atm L mol⁻1 K⁻1); 𝑇 is the average operational temperature of the 

reactors, assumed as 21 °C. Therefore, 𝑓(𝑇) = 2.67045 kg COD m⁻3. 

According to Possetti et al. (2021), under average operational conditions of WWTPs, 

approximately 30% of the methane produced is lost dissolved in the treated effluent, 5% is present in 

the residual gas phase, and an additional 5% is lost through leaks and condensate purges. The total 

daily biogas production can be estimated using Eq. (S4.2): 
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𝑄̇𝑏𝑖𝑜𝑔𝑎𝑠 =
𝑄̇𝐶𝐻4

𝐶𝐶𝐻4

 
(S4.2) 

Here, 𝑄̇𝑏𝑖𝑜𝑔𝑎𝑠 is the biogas production rate (m3 day⁻1); 𝐶𝐶𝐻4
 is the methane concentration in 

the biogas, assumed as 60%. 

2.4 GHG Estimation in WWTPs 

2.4.1 Emission Categories and Mechanisms 

Table S4.2. Key gas-generating reactions in WWTPs. 

Condition Reaction GHG 

Aerobic CH2O + O2 → CO2 + H2O CO2 

Anoxic (denitrification) 
NO3⁻ + CH2O → N2 + CO2 + 

H2O 
N2O, CO2 

Anaerobic (sulfate reduction) SO4
2⁻ + CH2O → H2S + CO2 CO2 

Anaerobic (hydrogenotrophic methanogenesis) CO2 + 4H2 → CH4 + 2H2O CH4 

Anaerobic (acetoclastic methanogenesis) CH3COOH → CH4 + CO2 CH4 

Table S5.2. Life cycle inventory data for the wastewater treatment systems in WWTP North and 

WWTP South, under two scenarios (with and without biogas flaring). 

Flow Unit 
North WWTP South WWTP 

S1 S2 S3 S1 S2 S3 

Transport 
 

Diesel 

consumption 

L h⁻¹ 5.71 5.71 5.71 8.73 8.73 8.73 

Wastewater 

transported 

m³ h⁻¹ 1,887.85 1,887.85 1,887.85 4,502.44 4,502.44 4,502.44 

Treatment – Inputs 

Inputs 

Electricity kW 1,164.59 1,164.59 1,164.59 1,890.19 1,890.19 1,890.19 

Process water m³ h⁻¹ 4.52 4.52 4.52 8.87 8.87 8.87 

Polyanionic 

polymer 

kg h⁻¹ 1.58 1.58 1.58 4.68 4.68 4.68 

Polycationic 

polymer 

kg h⁻¹ 5.52 5.52 5.52 13.90 13.90 13.90 

Aluminum sulfate kg h⁻¹ 218.70 218.70 218.70 472.56 472.56 472.56 

Hydrated lime kg h⁻¹ 13.27 13.27 13.27 14.93 14.93 14.93 

Outputs 

Dewatered sludge m³ h⁻¹ 2.45 2.45 2.45 4.84 4.84 4.84 
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Flow Unit 
North WWTP South WWTP 

S1 S2 S3 S1 S2 S3 

Effluent m³ h⁻¹ 1,889.92 1,889.92 1,889.92 4,506.47 4,506.47 4,506.47 

N2O emitted kg h⁻¹ 0.09 0.09 0.09 0.36 0.36 0.36 

CH4 (biogas) 

emitted 

kg h⁻¹ 162.64 16.3 16.3 312.2 31.2 31.2 

CO2 (biogas) 

emitted 

kg h⁻¹ 108.43 10.8 10.8 208.1 20.8 20.8 

Biogas 

(CH4+CO2) 

collected 

kg h⁻¹ 0.00 243.97 243.97 0.00 468.34 468.34 

Biogas flaring – only for “With flaring” 

Inputs 

Biogas combusted kg h⁻¹ – 243.97 243.97 – 468.34 468.34 

O2 required for 

combustion 

kg h⁻¹ – 585.52 585.52 – 1,124.01 1,124.01 

Outputs 

CO2 from CH4 

combustion 

kg h⁻¹ – 500.13 500.13 – 960.09 960.09 

H2O from CH4 

combustion 

kg h⁻¹ – 329.35 329.35 – 632.25 632.25 

Electricity 

generated 

MJ – 0.00 7,337.28 – 0.00 14,085.21 
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2.3 Life Cycle Assessment - GHG in WWTPs 

2.3.2 Life Cycle Inventory 

 

Figure S1.2. Life Cycle Inventory (LCI) flow diagrams of the technological model applied in 

WWTPs in Brazil, highlighting sludge treatment and biogas recovery. The diagrams represent two 

operational scenarios: the northern plant (a) and the southern plant (b), with different input loads and 

chemical consumption profiles.  
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3 Statistical analyses 

3.1 Assessment of the North and South WWTPs 

Table S6.2 presents a statistical comparison between the North and South WWTPs based on 

the mean values and standard deviations of 18 operational and performance parameters. The results 

highlight significant differences (𝑝 < 0.05) across most indicators, particularly in influent flow rates, 

energy consumption, and chemical usage.  

Table S6.2. Statistical comparison of operational inputs and removal performance at the North and 

South WWTPs (2020–2023) based on Mann–Whitney U tests. 

Parameter North 

Mean 

North Std South Mean South 

Std 
𝑝

− 𝑣𝑎𝑙𝑢𝑒 

Inputs and outputs a  

Influent wastewater flow (m³ day–1) 45,478.80 2,903.87 108,058.40 12,326.62 >0.001 

Power (kWh day–1) 27.950.06 1,389.25 45,364.49 2,505.74 >0.001 

Process water (m³ day–1) c 37.98 4.95 112.22 17.33 >0.001 

Polyanionic (kg day–1) 132.57 12.90 333.56 26.87 >0.001 

Polycationic (kg day–1) 5,248.70 612.01 11,341.42 985.75 >0.001 

Aluminum sulfate (kg day–1) 318.44 49.44 358.42 78.27 0.13 

Hydrated lime (kg day–1) 58.69 4.59 116.13 11.53 >0.001 

Removed compounds and removal rates a 

Total Nitrogen Influent (mg L–l) 65.12 3.71 64.35 7.61 0.93 

Total Nitrogen Effluent (mg L–l) 8.02 1.85 7.78 1.06 0.89 

Phosphorus Influent (mg L–l) 7.04 0.51 6.66 0.98 0.26 

Phosphorus Effluent (mg L–l) 0.33 0.07 0.23 0.06 >0.001 

Suspended Solids Influent (mg L–l) 307.32 31.45 221.84 23.01 >0.001 

Suspended Solids Efluent (mg L–l) 6.30 0.62 4.47 0.80 >0.001 

COD Influent (mg L–l) 655.99 43.31 533.45 80.30 >0.001 

COD Efluent (mg L–l) 31.50 3.02 23.46 2.93 >0.001 

BOD Influent (mg L–l) 350.06 33.39 332.32 46.33 0.34 

BOD Efluent (mg L–l)  6.16 1.43 7.62 1.64 0.01 

E. coli Influent (MPN 100mL) b 1.57E+07 7.62E+06 1.07E+07 2.39E+06 0.02 

E. coli Efluent (MPN 100mL) 1.05E+05 3.76E+04 5.11E+04 3.37E+04 >0.001 
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Figure S2.2. Comparative boxplots of operational parameters for the North and South WWTPs.  

Each subplot shows the distribution of monthly data from 2020 to 2023, including the mean 

(blue), first and third quartiles (gray), and whisker limits (green for minimum, red for maximum). (a) 

Influent wastewater flow (m³ day–l), (b) Power consumption (kWh day–l), (c) Polycationic coagulant 

dosage (kg day–l), (d) Polyanionic coagulant dosage (kg day–l), (e) Aluminum sulfate dosage (kg day–

l), (f) Hydrated lime dosage (kg day–l), (g) Dewatered sludge production (m³ day–l). 
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Figure S3.2. Comparative boxplots of operational parameters for the North and South WWTPs.  

Each subplot shows the distribution of monthly data from 2020 to 2023, including the mean 

(blue), first and third quartiles (gray), and whisker limits (green for minimum, red for maximum). (a) 

E. coli Influent (MPN 100 mL–l), (b) E. coli Effluent (MPN 100 mL–l), (c) COD Influent (mg –l L), 

(d) COD Effluent (mg L–l), (e) BOD Influent (mg L–l), (f) BOD Effluent (mg L–l).
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Figure S4.2. Comparative boxplots of operational parameters for the North and South WWTPs.  

Each subplot shows the distribution of monthly data from 2020 to 2023, including the 

mean (blue), first and third quartiles (gray), and whisker limits (green for minimum, red for 

maximum). (a) Total Nitrogen Influent (mg L–l), (b) Total Nitrogen Effluent (mg L–l), (c) 

Suspended Solids Influent (mg L–l), (d) Suspended Solids Effluent (mg L–l), (e) Phosphorus 

Influent (mg L–l), (f) Phosphorus Effluent (mg L–l). 

4 Methane exergetic calculations in WWTP’S 

4.1 Methodology of calculation 

Using the simplified method of Chernicharo (2016). 

a) Methane produced in anaerobic reactors and estimation of associated exergy. 

i) Equation (S5.2) gives the daily COD influent load to the WWTP reactors 

theoretically converted into 𝐶𝐻4 relating the daily sewage flow to COD removal. 

𝐷𝑄𝑂𝐶𝐻4 = 𝑄̇(𝐷𝑄𝑂𝑖 −𝐷𝑄𝑂𝑒 ) – 𝑌𝐷𝑄𝑂𝑄̇𝐷𝑄𝑂𝑖 (S5.2) 
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where, 𝐷𝑄𝑂𝐶𝐻4 is the daily load of COD convertible to methane (kg day–1); Q ̇ is the 

daily influent flow rate of sewage (m³ day–1); 𝐷𝑄𝑂𝑖 e 𝐷𝑄𝑂𝑒 are, respectively, the influent and 

effluent COD concentrations (kg m–³); 𝑌𝐷𝑄𝑂 is the solids production coefficient in the system 

in terms of COD (0.11 to 0.23 kgCODsludge kg COD_influent–1). 𝑌𝐷𝑄𝑂 = 0.15 was adopted, an 

average value used by Chernicharo (2016) for reactors with characteristics and treatment 

technologies like those of the North and South WWTPs. 

ii) Using Equations (S6.2) and (S7.2), the daily flow rate of methane produced is 

determined. 

𝑄̇𝐶𝐻4
= 𝐷𝑄𝑂𝐶𝐻4/𝑓(𝑇) (S6.2) 

Where 𝑓(T) is the correction factor for the reactor's operating temperature (kgCOD/m³): 

𝑓(𝑇) = 𝑃𝐾𝐷𝑄𝑂/𝑅 (273+𝑇) (S7.2) 

where, 𝑄̇𝐶𝐻4
, the daily flow rate of methane produced (m³ day–1); P, local atmospheric 

pressure (atm). In Brasilia, the annual average is 1,020 mbar (1.006662 atm); 𝐾𝐷𝑄𝑂 the COD 

corresponding to one mole of 𝐶𝐻4 (64 gCOD mol–1); R the gas constant (0.08206 atm.L mol–

1.K–1); T the operating temperature of the reactors (ºC), in the North and South Brasilia WWTPs 

on average T≈ 21 ºC. Therefore, 𝑓(𝑇) = 2.67045 kgCOD m–³. 

According to Posseti et al (2021), in an average scenario, approximately 30% of the CH4 

produced in wastewater treatment plants is lost dissolved in the treated effluent, 5% in the 

gaseous phase of the residual gas, and another 5% through leaks and condensate purges. These 

values are reasonable for the operational conditions of the Brasilia WWTPs. 

iii) With these data and considerations, the total biogas production at the stations is 

determined using Equation (S8.2). 

𝑄̇𝑏𝑖𝑜𝑔𝑎𝑠 = 𝑄̇𝐶𝐻4
/𝐶𝐶𝐻4

 (S8.2) 

where 𝑄̇𝑏𝑖𝑜𝑔𝑎𝑠 is the daily flow rate of biogas produced (m³ day–1); 𝐶𝐶𝐻4
 is the 

concentration of CH4 in the biogas (70%), based on Tables (S7.2) and (S8.2). 
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Table S7.2. Typical composition of biogas generated in anaerobic reactors at WWTPs. 

Compound Unit Typical volumetric concentration 

𝐂𝐇𝟒 (%) 60 - 85 

𝐂𝐎𝟐 (%) 5 – 15 

CO (%) 0 – 0.3 

𝐍𝟐 (%) 10 – 25* 

𝐇𝟐𝐒 (ppm) 1,000 – 2,000 

* Due to dissolved N2 in sewage. Source: Chernicharo (2016); Lobato (2011). 

Table S8.2. Constants and input data for calculating biogas flow rate. 

Values Units Value 

𝒀𝑪𝑶𝑫 (COD sludge (kg) CODapplied (kg–1)) 0.15 

P (Atm) 1,004 

𝑲𝑪𝑶𝑫 COD (mo–1 L) 64 

R (atm.m³ mol–1 K) 8.206 10−5 

T (ºC) 26 

Additional CH4 losses (%) 35 

CH4 concentration in biogas (%) 70 

Source: Chernicharo (2016); Lobato (2011) 

iv) The available lower heating value of biogas is calculated using the Equation (S9.2). 

𝐿𝐻𝑉𝑑  = γb 𝐿𝐶𝑣𝑚 0,00116222 (S9.2) 

where, 𝐿𝐻𝑉𝑑 is the available lower calorific value of biogas (kWh Nm–3); γb specific 

weight of the biogas (kg Nm–3); 𝐿𝐻𝑉𝑚 lower calorific value of methane (kcal kg–1) contained 

in the biogas, in the average composition highlighted in Tab. (S9.2); 0.00116222 is the 

conversion factor from kcal to kWh. 

Table S9.2. 𝐿𝐻𝑉𝑑  values of biogas relative to biogas composition 

Chemical composition of biogas Specific weight (kg Nm–3) LHV (kcal kg–1) 

10% CH4 – 90% CO2 1.84 465.43 

40% CH4 – 60% CO2 1.46 2,338.52 

60% CH4 – 40 % CO2 1.21 4,229.98 

65% CH4 – 35% CO2 1.15 4,831.14 

75% CH4 – 25% CO2 1.03 6,253.01 

95% CH4 – 5% CO2 0.78 10,469.60 

99% CH4 – 1% CO2 0.73 11,661.02 

Source: Chernicharo (2016); Lobato (2011) 

v) Finally, using Equation (S10.2), the electrical power available from the combustion 

of biogas in a generator driven by an Otto cycle engine is determined. 

Pow = 𝑄̇𝑏𝑖𝑜𝑔𝑎𝑠 𝐿𝐻𝑉𝑑 𝜂𝑚 (S10.2) 
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where Pow is the electrical power available (kW); 𝑄̇𝑏𝑖𝑜𝑔𝑎𝑠 is the total biogas production (Nm³ 

h–1); 𝐿𝐻𝑉𝑑, lower calorific value of biogas (kW m–3); 𝜂𝑚 is the average overall efficiency of 

Otto cycle engines (approximately 25%). 

b Determination of the exergy associated with organic compounds in sewage and dewatered 

sludge. 

The methodology of the exergy analysis of the North and South WWTPs observes, 

where applicable, the considerations and simplifications applied by Mora Bejarano (2009) to 

the Barueri WWTP (SP): 

a) Operating conditions occur in steady state. The control volume boundary for the 

wastewater treatment process is around the process. The manufacturing exergy of the 

chemical substances (FeCl3, CaO and polymers) or other products used in the different 

stages of treatment is not calculated. The exergy considered is that of the compound and 

the product itself. 

b) In the exergy analysis of the wastewater treatment process, the input data are the 

actual average monthly/annual operating values. The dilution of chemical compounds or 

the exergy of clean water is not considered (Huang et al., 2007; Hellström, 1997). 

c) The chemical exergy of organic matter (Eorg,mat) is calculated using Equation 

(S11.2), proposed by Kosravi, Panjeshay and Atei (2013), modified from the equation by 

Tai; Matsushige and Goda (1986), related to the chemical oxygen demand (COD). 

Eorg,mat. = 13.7 COD - 116 (S11.2) 

d) According to Mora Bejarano (2009), the exergy of the workforce operating 

WWTPs is not significant compared to flows such as the theoretical exergy of organic 

matter, as stated in a). Therefore, the calculations only involve the exergy flows of organic 

and inorganic compounds and nutrients contained in the sewage, byproducts generated 

such as dewatered sludge (biosolids), methane, chemical compounds used in the sludge 

stabilization process, in improving the primary sedimentation process, and electricity 

consumption. The exergy associated with the buildings is not also considered. 

e) Sewage is considered a fluid with a pollutant load, and the exergy of the pollutants 

is their chemical exergy, a measure of the potential of pollutants in the body of water to 

cause damage to the aquatic environment, according to Huang et al. (2007). Wastewater is 

composed of approximately 99.9% water and 0.1% dissolved suspended solids, which can 
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be removed by appropriate treatment, according to Von Sperling (1996). 

f) Mora Bejarano (2009) and Owen (1982) considered the molecular mass of sewage 

to be that of the substance C10H18O3N. 

g) The exergy of 𝑁𝑂3
− is calculated by interpolating data for NO and NO2 (Ayres; 

Ayres; Martinás, 1997).  

h) The chemical exergy of the influent and effluent flows in the wastewater 

treatment process and in the dewatered sludge are determined by Equation (S12.2) on a 

total molar basis of a mixture composed of i chemical species. 

𝑏̅𝑐ℎ𝑖 = ( i − 0,i) xi + RT0  xi ln(ai) (S12.2) 

The following simplifying assumptions are considered in the calculation: 

I. Non-ideal mixing (activity ≠ molar fraction, ai ≠ xi) for the influent and effluent 

flows of the WWTPs 

II. Ideal mixture (activity = molar fraction, ai = xi) for the dewatered sludge produced 

in WWTPs. 

III. The activity (ai) of organic and inorganic substances in the influent and effluent 

flows of the processes is calculated by the formula: ai = ri mi; where ri is the activity 

coefficient and mi is the molality of substance i. 

IV. The activity coefficient is determined by Equation (S13.2) applying the Debye–

Huckel theory for aqueous solutions (Mora Bejarano, 2009). 

Ln (ri) = (-ADH zi² I¹/²)/(1 + BDH Φi I¹/²) (S13.2) 

where, ADH = 0,51 (kg mol–1)¹/² (Debye-Huckel constant, for water at 25 °C); BDH = 

3.287 109 (kg mol–1)¹/² m (Debye-Huckel constant, for water at 25 °C); zi = ionic charge or 

valence; Φi = (2 10-8 – 5 10-8) m (effective diameter of the ion in the solution); I = 0.5 ∑mi zi
2 

(ionic strength, which considers the effects of other ions in the solution calculated by the 

equation). 

And so, 

Ln (ri) = {[-0.51 zi
2 I¹/²]/(1 + 3.287 109 3.5 10−8 I¹/²} (S14.2) 
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5 Exergy balance 

Equation (S15.2) gives the exergy balance 

(𝛴𝐸̇𝑒 - 𝛴𝐸̇𝑠) = (𝛴𝐸̇𝑝 + 𝐸̇𝑑) (S15.2) 

Where, 𝛴𝐸̇𝑒 - incoming exergy flow, or exergy of the influent sewage (including COD 

of the influent sewage) and the exergy of electrical energy; 𝐸̇𝑠 - outgoing exergy flow, or exergy 

of the final effluent (including COD of the final effluent); 𝛴𝐸̇𝑝 – lost exergy flow, or exergy of 

the dewatered sludge, considering that the sludge is not currently used for agricultural or other 

purposes, but disposed of in a sanitary landfill. 𝐸̇𝑑 - Destroyed exergy, or exergy associated 

with the burning of the methane produced and the irreversibilities in sewage treatment. 

Table S10.2 shows a summary of Mora Bejarano's (2009) study on the specific chemical 

exergy of the Barueri WWTP, whose treatment process is like that of the North and South 

WWTPs in Brasília. Except for dewatered sludge, COD and 𝑁𝐻3 account for the largest 

percentage of the specific chemical exergy of organic matter. The chemical exergy of the other 

compounds, mainly metals, is not quantitatively significant, even though the plant treats 

industrial wastewater with a considerably higher iron content. 

Table S10.2 – Chemical exergy of sewage from the city of São Paulo treated at the Barueri 

WWTP. 

Composition 
Chemical exergy specific 

(kJ L–l (%) partial (%) total 

Sewage affluent 

COD 2.6400 92.47 
97.51 

𝑁𝐻3. 0.2012 7.04 

Others* 0.0139 0.49 0.49 

Sewage effluent) 

COD 0.1660 64.84 
93.47 

𝑁𝐻3. 0.0733 28.63 

𝑆𝑂4. 0.0123 4.80 4.80 

Others* 0.0044 1.73 1.73 

Dewatered sludge 

COD 44.8000 20.55 
99.45 

Iron 172.0000 78.90 

Other metals 1.20000 0.55 0.55 

* 𝑁𝑂2, 𝑆2, 𝑆𝑂4, phenols, surfactants, and iron and other metals. Source: Mora Bejarano (2009). 

6 Organic matter exergies in sewage and dewatered sludge. 

6.1- Sewage and dewatered sludge for Brasilia North WWTP 
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Table 11.2 – Input data for calculating the exergy of organic matter compounds in sewage and dewatered sludge. 

Phase Sewage affluent (524.4 L s–1) Sewage effluent (524.4 L s–1) Dewatered Sludge (0.68 L s–1) 

Units mg L–1 MW (mg mol–1) Mol L–1 mg L–11 MW (mg mol–1) Mol L–1l mg L–1 MW (mg mol–1) Mol L–1 

Operational data 

COD 656.00 200,254.80 3.28E-03 31.50 200,254.80 1.57E-04 1370.00 97,120.00 1.41E-02 

Nitrogen 65.10 18,040.00 3.61E-03 8.00 18,040.00 4.43E-04 52.72 18,040.00 2.92E-03 

Phosphor 7.04 97,995.20 7.18E-05 0.30 97,995.20 3.37E-06 73.40 97,995.20 7.49E-04 

Iron 2.59 55,845.00 4.64E-05 0.40 55,845.00 6.49E-06 0.64 55,845.00 1.15E-05 

Table S12.2 - Exergy of the main compounds in the mixture 

Phase 𝑎𝑖 𝑥𝑖 𝐸𝑐ℎ,𝑛𝑒

0 * 

 

 

 

 
 

(1) + (2) (𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐) 

Units (mol L–1) (mol mol–1) (kJ mol–1) (kJ mol–1) (kJ mol–1)   (kJ mol–1) (kJ mol–1) (kJ L–1 (kW) 

 Sewage affluent 

COD 3.28E-03 0.46802 2,704.63 1,265.8315 2.478 -5.7199  -6.6350 1,259.1965 4.1302 2,165.86 

Nitrogen 3.61E-03 0.51511 337.21 173.7025 2.478 -5.6240  -7.1801 166.5224 0.6011 315.24 

Phosphor 7.18E-05 0.01025 870.26 8.9159 2.478 -9.5416  -0.2423 8.6736 0.0006 0.33 

Iron 4.64E-05 0.00662 374.16 2.4773 2.478 -9.9782  -0.1637 2.3135 0.0001 0.06 

Total 7.01E-03 1.00000 4,286.27 1,450.9271    -14.221 1,436.71 4.732 2,481.48 
 Sewage effluent  

COD 1.57E-04 0.25744 2,009.87 517.41 2.478 -8.759  -5.589 511.8250 0.0804 42.14 

Nitrogen 4.43E-04 0.72640 337.21 244.95 2.478 -7.722  -13.902 231.0487 0.1024 53.67 

Phosphor 3.37E-06 0.00553 870.26 4.809 2.478 -12.601  -0.173 4.6363 0.0000 0.01 

Iron 6.49E-06 0.01064 374.16 3.982 2.478 -11.945  -0.315 3.6667 0.0000 0.01 

Total 6.10E-04 1.00000 3,591.50 771.15    -19.979 751.177 0.1828 95.83 
 Dewatered sludge 

COD 1.41E-02 0.79300 1,322.91 1,049.0706 2.478 -4.2616  -8.3758 1,040.6948 14.6738 9.98 

Nitrogen 2.92E-03 0.16422 337.21 55.3789 2.478 -5.8362  -2.3755 53.0034 0.1548 0.11 

Phosphor 7.49E-04 0.04212 870.26 36.6594 2.478 -7.1968  -0.7514 35.9080 0.0269 0.02 

𝑙𝑛(𝑎𝑖) 

∑ (𝜇
𝑖𝑖 − 𝜇

0,𝑖
) 

𝑥𝑖 (1) 
𝑅𝑇0 ∑ 𝑥𝑖 ln(𝑎𝑖) 

(2) 
𝑅𝑇0 
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Iron 1.15E-05 0.00065 374.16 0.2420 2.478 -11.3732  -0.0182 0.2238 0.0000 0.00 

Total 1.78E-02 1.00000 2,904.54 11,41.351    -11.521 11,29.83 14.856 10.10 

*(𝐸𝑐ℎ,𝑛𝑒

0  x MW (Molecular Weight) 

5.2 – Sewage and dewatered sludge for Brasilia South WWTP 

Table S13.2 - Input data for calculating the exergy of organic matter compounds in sewage and dewatered sludge. 

Phase Sewage affluent (1,250.8 Ls–1) Sewage effluent (1,250.8 l/s–1) Dewatered sludge (1.346 l/s–1) 

Units mg L–1 MW (mg mol–1) Mol L–1 mg L–1 MW (mg mol–1) Mol L–1l mg L–1 MW (mg mol–1) Mol L–1 

Operational data 

COD 533.50 200,254.80 2.66E-03 23.50 20,0254.80 1.17E-04 1,100.00 97,120.00 1.13E-02 

Nitrogen 64.30 18,040.00 3.56E-03 7.80 18,040.00 4.32E-04 59.13 18,040.00 3.28E-03 

Phosphor 6.66 97,995.2 6.80E-05 0.23 97,995.20 2.35E-06 45.09 97,995.2 4.60E-04 

Iron 2.11 55,845.00 3.78E-05 0.30 55,845.00 5.29E-06 0.58 55,845.00 1.04E-05 

Table S14.2 - Exergy of the main compounds 

Calculation 

step 
𝑎𝑖 𝑥𝑖 𝐸𝑐ℎ,𝑛𝑒

0 * 
 

  
 

(1) + (2) (𝐸𝑐ℎ,𝑓 + 𝐸𝑐ℎ,𝑐) 

Units (mol L–1) (mol mol–1) (kJ mol–1) (kJ mol–1) (kJ mol–1)  (kJ mol–1) (kJ mol–1) (kJ l–1) (kW) 

Sewage affluent 

COD 2.66E-03 0.42050 2,704.12 1,137.081 2.478 -5.9294 -6.1775 1,130.9039 3.0082 3,762.66 

Nitrogen 3.56E-03 0.56277 337.21 189.775 2.478 -5.6380 -7.8613 181.9141 0.6476 810.04 

Phosphor 6.80E-05 0.01075 870.26 9.355 2.478 -9.5960 -0.2556 9.0994 0.0006 0.77 

Iron 3.78E-05 0.00598 374.16 2.236 2.478 -10.1832 -0.1508 2.0850 0.0001 0.10 

Total 6.33E-03 1.00 4,285.75 1,338.45   -14.4452 1,324.0024 3.6565 4,573.57 

Sewage effluent 

COD 1.17E-04 0.21019 1,760.26 369.988 2.478 -9.0533 -4.7147 365.2731 0.0427 53.46 

Nitrogen 4.32E-04 0.77609 337.21 261.707 2.478 -7.7471 -14.8965 246.8101 0.1066 133.36 

Phosphor 2.35E-06 0.00422 870.26 3.674 2.478 -12.9611 -0.1356 3.5384 0.0000 0.01 

Iron 5.29E-06 0.00950 374.16 3.556 2.478 -12.1497 -0.2861 3.2697 0.0000 0.02 

∑ (𝜇
𝑖𝑖 − 𝜇

0,𝑖
) 𝑥𝑖 

(1) 
𝑅𝑇0 

𝑅𝑇0 ∑ 𝑥𝑖 ln(𝑎𝑖) 
(2) 

𝑙𝑛(𝑎𝑖) 
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Total 5.57E-04 1.00 3,341.89 638.924   -20.0328 618.8914 0.1494 186.85 

Dewatered sludge 

COD 1.13E-02 0.75081 1,323.36 993.595 2.478 -4.4830 -8.3393 985.2555 11.1334 14.99 

Nitrogen 3.28E-03 0.21793 337.21 73.490 2.478 -5.7199 -3.0885 70.4020 0.2309 0.31 

Phosphor 4.60E-04 0.03056 870.26 26.599 2.478 -7.6843 -0.5819 26.0166 0.0120 0.02 

Iron 1.04E-05 0.00069 374.16 0.259 2.478 -11.4737 -0.0196 0.2389 0.0000 0.00 

Total 1.51E-02 1.00000 2,905.00 1,093.942   -12.0294 1,081.9130 11.3763 15.31 

*(𝐸𝑐ℎ,𝑛𝑒

0  x MW). 


