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Abstract

This study aims to propose a practical indicator that enables quick and reliable evaluation of the relationship between
influent characteristics and energy performance and recovery in municipal wastewater treatment plants (WWTPs). A
composite Wastewater Strength Indicator (WWSI) was developed, integrating wastewater dilution and pollutant load into
a single metric. Theoretical correlations were established through mathematical estimation and verified using case studies
of six WWTPs in Bulgaria based on operational data from 2020-2022. WWSI correlates strongly with both specific energy
consumption (kWh/kg COD removed) and electrical energy recovery rate. WWTPs with a WWSI below 0.25 perform
unsatisfactory, exhibiting specific energy consumption levels above 2.0 kWh/kg removed COD, whereas those with a
WWSI above 0.35 demonstrate higher energy efficiency, with specific consumption below 1.0 kWh/kg removed COD.
The treatment of low-strength wastewater leads to inherent energy inefficiencies that are difficult to overcome through
sludge digestion and cogeneration alone. Despite sludge calorific values ranging from 11.5 to 19.4 MJ/kg, the energy
recovery potential in the studied WWTPs remained below 35%, confirming that energy neutrality is challenging for diluted
wastewater. A conversion coefficient of 0.039 kWh/MJ was introduced to facilitate rapid estimation of potential electrical
recovery from sludge calorific values. The proposed WWSI provides a simple yet effective tool for benchmarking WWTPs
and supports future upgrades toward energy-neutral wastewater management.

Keywords: Municipal Wastewater Treatment Plants (WWTPs); Energy Recovery; Wastewater Strength Indicator (WWSI); Low-Strength
Wastewater; Sludge Calorific Value; Energy Neutrality; Cogeneration.

1. Introduction

Wastewater treatment plants (WWTPs) have long been recognized as facilities with the potential for energy
production. In recent years, the recovery of green energy from WWTPs has gained even greater importance within the
context of the circular economy. The need for further investigation into this topic has been underscored by the energy
neutrality requirements established in the recent recast of the Urban Wastewater Treatment Directive and in Directive
(EU) 2018/2001 on the promotion of the use of energy from renewable sources [1, 2]. It is estimated that approximately
70% of the organic matter entering WWTPs is transformed into biomass through conventional biological treatment
processes [3]. The energy chemically bound in this biomass can be valorized as biogas. Furthermore, some studies
suggest that the energy content of the biomass is roughly twice that required for conventional municipal wastewater
treatment at typical organic matter concentrations of 400-500 mg/L of chemical oxygen demand (COD) [4].
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Currently, three main processes are applied for energy recovery from sludge in WWTPs: incineration, anaerobic
digestion with methane production, and anaerobic fermentation with hydrogen production. The most common and oldest
of these is anaerobic digestion of sludge, despite its sustainability limitations, such as the generation of the greenhouse
gas N>O. More recent technologies aimed at enhancing the utilization of the chemical energy stored in organic matter
include thermochemical processes such as pyrolysis, gasification, and hydrothermal treatment [5]. The focus of this
paper is on the more widely implemented technologies; thus, the less commonly applied methods mentioned above are
not analyzed further.

Although various energy recovery technologies are available, the recovery potential of municipal WWTPs treating
wastewater with a low pollutant load (“low-strength wastewater”) has not been sufficiently analyzed. The term “low
strength” appears in a number of research publications [6—8]. Some studies define specific pollutant concentration
ranges, while others use nutrient ratios as references for wastewater strength. For example, Srinivasa Raghavan et al.
[9] refer to the NSF Standard 40, which defines residential-strength wastewater as BODs = 100-300 mg/L and TSS =
100-350 mg/L, and high-strength wastewater as that exceeding residential strength. The authors further classify
wastewater with COD below 2000 mg/L as low strength and COD above 2000 mg/L as medium to high strength.
Rahman et al. [10] categorize “low-strength wastewater” as having total COD of 161 + 20 mg/L and ammonia nitrogen
of 23.1+£3.3 mg/L. Park et al. [11] describe “low-strength municipal wastewater” as having COD of 250 mg/L. Sarpong
et al. [12] define three COD-based thresholds: low-strength (390 mg/L), medium-strength (720 mg/L), and high-strength
(1230 mg/L). Similarly, Zhang et al. [7] propose that a C/N ratio of 3.4 & 0.5 characterizes low-strength wastewater,
which lacks sufficient carbon for simultaneous nitrogen and phosphorus removal. For any wastewater type, Tomei et al.
[13] define “low strength” as influent with a biochemical oxygen demand (BOD) below 1000 mg/L, while high-strength
wastewater exceeds 4000 mg/L [13].

Multiple factors contribute to the occurrence of low-strength municipal wastewater. The most significant include
processes within sewerage systems, such as biodegradation of organic matter, dilution of domestic wastewater by
external water sources, stormwater inflow, and sewer exfiltration [14, 15]. To quantify dilution, the term “I/I water”
(infiltration/inflow water) is often employed in the literature. For instance, Ohlin Saletti et al. [16] report that a
considerable proportion of the total annual wastewater volume entering WWTPs typically consists of infiltration water.
The authors conclude that infiltration and inflow are pervasive issues that impose substantial economic costs [16].

Despite these studies, there is still no universally accepted definition of “low-strength wastewater” or established
concentration thresholds that would allow reliable classification of municipal influent [9]. Generally, influent exhibiting
pollutant concentrations lower than those predicted by engineering design calculations is referred to as “low-strength”
or “diluted” wastewater.

Based on this review, it can be concluded that most studies address “low strength” primarily as a hydraulic or
concentration issue rather than as a determinant of bioenergy potential. This narrow interpretation limits the integration
of wastewater characterization into energy-neutral design frameworks. Hence, a more precise definition is required to
enable effective articulation of research findings in the field of water engineering. This paper introduces a composite
indicator designed to better characterize wastewater strength and bridge existing research gaps.

Wastewater dilution has been identified as a major factor contributing to higher energy demands in WWTPs [17—
19]. Longo et al. [20] reported that Spanish and German WWTPs exhibit notably low dilution factors, making them
more energy efficient than comparable facilities in other countries, regardless of the treatment technology employed.
Niu et al. [19] suggested that increasing influent COD concentrations to 500 mg/L could reduce the total energy
consumption of the wastewater treatment sector by at least 20%. Furthermore, when all other factors were held constant,
the electrical energy consumption of fully loaded WWTPs was approximately 12% lower than that of underloaded or
overloaded plants [19]. Cardoso et al. [15] found that plant size, load factor (capacity utilization), and dilution factor are
among the most significant determinants of WWTP energy performance. Similarly, the results of Sarpong et al. [12]
confirm that influent COD concentration and plant capacity have a substantial impact on energy recovery potential.

Although prior research has generally established that low-strength wastewater is associated with higher energy
demand and lower energy recovery potential, the literature still lacks a quantitative analysis for clear definition of these
correlations. The present study addresses this gap by linking wastewater strength to energy recovery potential using
quantitative indicators.

A variety of key performance indicators (KPIs) and methodologies have been employed for assessing and
benchmarking energy performance in WWTPs [15, 17, 19, 20]. de Matos et al. [21] identified twenty-one research
papers discussing KPIs for evaluating the energy efficiency and eco-efficiency of WWTPs. Despite the abundance of
indicators and methods, there is still no widely accepted procedure for evaluating energy performance in municipal
wastewater treatment [22, 23]. However, there is a general consensus that no single KPI can universally characterize
energy performance [20, 24].

The most commonly used indicators include energy consumption per cubic meter of treated water (kWh/m?). Longo
et al. [20] concluded that this indicator appears in approximately 90% of the reviewed studies, but yields misleading
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benchmarking results because it ignores the impact of wastewater dilution. The inadequacy of this indicator has been
highlighted in several other studies [18, 24, 25]. To address these limitations, some researchers use it only to quantify
the energy required for wastewater pumping [24, 26]. Conversely, because the removal of organic matter and nutrients
constitutes a major energy-consuming process, reporting energy consumption per unit of pollutant removed has been
recognized as more meaningful [18, 20]. For example, some authors normalize energy use per person equivalent (PE)
served (kWh PE! yr!) or per kilogram of COD removed (kWh kg COD yr) [18, 27].

Sabia et al. [23] proposed a composite indicator, the Global Energetic Index (GEI), defined as a weighted sum of
three commonly used metrics: energy per cubic meter, energy per PE, and energy per COD removed. Although applied
successfully to ten WWTPs, the method’s reliance on weighting coefficients represents a limitation. Another composite
index, the Water Treatment Energy Index (WTEI), was developed under the ENERWATER project [26, 28, 29] to
assess energy efficiency and assign energy labels. While this methodology is comprehensive, it requires extensive data
and complex calculations involving numerous assumptions and weighting factors. Moreover, it does not establish a link
between wastewater strength and energy recovery potential. Longo et al. [29] provided a comprehensive comparison of
the most widely used methodologies and indicators for assessing and benchmarking energy performance. Among the
drawbacks identified were the inability of certain indicators to account for exogenous factors beyond WWTP control,
the high data requirements, and the computational complexity of some algorithms. They concluded that an indicator is
effective only when it aligns with available data, the expertise of evaluators, and the goals of stakeholders interpreting
the results.

This paper advances the state of the art by addressing the three research gaps outlined above. A new composite
indicator for the evaluation of municipal WWTPs, termed the Wastewater Strength Indicator (WWSI), is introduced.
This indicator integrates the two principal adverse effects of sewerage systems - wastewater dilution and pollutant load
loss into a single measure. Unlike the traditional “energy per cubic meter” metric, the proposed WWSI accounts for
pollutant load, thereby overcoming the limitations of previous approaches. Furthermore, the WWSI is straightforward
to calculate, does not require extensive monitoring, and is easily accepted by stakeholders without compromising
analytical rigor. The applicability of the proposed WWSI for evaluating energy performance and recovery potential is
demonstrated through a case study of six municipal WWTPs.

The paper is organized into four sections, as illustrated in Figure 1.

1. Introduction

Justifies the research importance and advances beyond the state of the art
e In relation to definition of low strength wastewater

¢ Inrelation to link between wastewater strength and energy performance in WWTPs

¢ Inrelation to quantification by appropriate indicators

2. Materials and methods

Describes the developed approaches and theoretical framework

¢ 2.1.The general approach
¢ 2.2. Theoretical framework for determination of WWSI and for energy performance and recovery assessment
2.3, Verification of the theoretical framework: case study on six municipal WWTPs

3. Results and discussion

Presents and discusses the results, comparing them with other studies

¢ 3.1. Determination of the WWSI

©3.2. The proposed WWSI and the Assessment of the WWTP Energy Performance (Assessment of Energy
performance using two Existing KPIs; Correlation between the two Existing KPIs and the proposed WWSI)

¢ 3.3. The proposed WWSI and the Assessment of the Energy Recovery Potential

¢ 3.4. Applicability of the proposed WWSI in comparison with other indicators

Figure 1. Structure of the study

Following this introduction, the next section (Materials and Methods) presents the developed approach and the
methodologies applied for estimating the WWSI, as well as the energy generation and recovery rates. The third section
discusses the verification of the proposed methodology, carried out through an investigation of six municipal WWTPs
in Bulgaria treating low-strength wastewater. These facilities employ conventional treatment schemes comprising of
mechanical pre-treatment, followed by activated sludge processes with biological nitrogen and chemical/biological
phosphorus removal. Sludge stabilization is achieved through enclosed anaerobic digestion with methane recovery
(methane tanks), open anaerobic digestion, or aerobic stabilization. The final section presents the conclusions and
summarizes the main research findings.
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2. Material and Methods

To achieve the research objectives, the general methodological framework illustrated in Figure 2 was adopted. Part
1 of the approach establishes the theoretical framework. Specifically, it presents the developed methodology for defining
the Wastewater Strength Indicator (WWSI), the procedure for rapid estimation of energy recovery through cogeneration,
and the final calculation of the overall energy recovery potential. Part 2 of the approach describes the verification of the
theoretical framework using a case study of six WWTPs. The proposed WWSI is calculated, and its relevance for
estimating energy performance and recovery potential is analyzed.

PART 1 PART 2
Theoretical framework for wastewater Verification of the theoretical framework: case
characterization and energy recovery assessment study of six municipal WWTPs
Establishing the wastewater strength indicator Determination of the WWSI
Simplified method for rapid estimation of energy WWSI and the Assessment of WWTP Energy
produced in cogeneration Performance

WWSI and the Assessment of Energy Recovery

Calculation of the energy recovery rate Potential

Figure 2. The general approach

2.1. Theoretical Framework for Determining the WWSI and Assessing Energy Performance and Recovery
2.1.1. Establishment of the Wastewater Strength Indicator (WWSI)

The strength of wastewater can be attributed to several factors, two of which are of particular significance:

o Dilution of wastewater with extraneous water and rainwater inputs

The sources of extraneous water typically include infiltration and inflow, collectively referred to as “I/I water” [16].
In combined sewer systems, the inflow of rainwater further increases the total volume entering the WWTP. The fraction
of actual wastewater (WW fraction) in the mixed influent at the WWTP inlet can be expressed as:

Volume of the wastewater (domestic,industrial,etc.) (1)
Total volume at WWTP inlet

WW fraction =

According to national design standards [30], the volume of wastewater is estimated as 90% of the invoiced water
supplied. A higher WW fraction indicates more concentrated (stronger) wastewater, whereas a lower value corresponds
to more diluted wastewater.

o Loss of pollution load in the sewerage system (load factor)

The second major factor that significantly reduces the pollutant load and, consequently, the wastewater strength is
the degradation of organic matter occurring within the sewerage system. The magnitude of this loss can be estimated by
calculating the ratio between the measured and theoretical loads at the WWTP inlet. It is important to note that the term
load factor (LF) is used by other authors to denote the ratio between the served population equivalent (PE) and the design
population equivalent [15, 20]. The same meaning is adopted in the present study:

Measured BOD load at WWTP inlet
Theoretical BOD load at WWTP inlet

Load factor (LF) =

2

A higher LF value indicates more concentrated (stronger) wastewater and, correspondingly, a lower loss of pollutant
load. The measured pollutant load is calculated by multiplying the measured concentration by the measured flow rate.
The theoretical pollutant load is calculated by multiplying the specific load per person by the number of customers. The
value of the specific load per person (60 g BODs /cap-d) is adopted from the German standard ATV-DVWK-A 131,
which is also applied in the Bulgarian normative documents [31].

The industrial contribution to the total load is estimated on the assumption that the industrial flow rate represents 1%
of the total accounted water, which is typical for most Bulgarian settlements. It is further assumed that, prior to discharge
into the sewer system, the pollutant concentrations of industrial wastewater are reduced to levels equivalent to those of
domestic wastewater, as required by national standards [32]. These assumptions are necessary due to limitations in the

532



Civil Engineering Journal Vol. 12, No. 02, February, 2026

databases of water operators, which do not always distinguish industrial consumers clearly. Finally, the proposed WWSI
is determined by:

WWSI = WW fraction X Load factor 3)

The proposed indicator accounts for the combined effect of the two principal factors influencing wastewater
strength—dilution and pollutant load loss. The higher the value of this indicator, the stronger the wastewater (Figure 3).

WWSI

0 Worsening Improving 1
high infiltration, low infiltration,
high pollutant dilution low pollutant dilution

Figure 3. Interpretation of the values of the proposed WWSI

When the WWSI approaches 0, it indicates a deterioration of the conditions, as one or both parameters fall below 1
(due to either high infiltration or high load dilution).

When the WWSI approaches 1, it indicates improvement in the conditions, as one or both parameters approach 1
(due to either reduced infiltration or lower load dilution).

2.1.2. Simplified Method for Rapid Estimation of Energy Recovered in Cogeneration

A number of studies have estimated the potential for energy recovery from cogeneration process, which is recognized
as one of the most widely spread approaches for energy recovery in WWTPs [33-39]. The recovery method selection is
dependent on the specific conditions of the study. Considering the currently available data set, a simplified method has
been developed for the current study as follows:

o Estimation of VSS that will be degraded in the digestion tank

Two of the studied WWTPs have anaerobic digestion tanks with methane recovery. The degradation rates of volatile
suspended solids (VSS) in the tanks are 48% in WWTP3 and 51% in WWTPI1. Based on these results and general
knowledge, a degradation rate of 50% of the VSS in the digestion tank is assumed for the calculations for the other
WWTPs.

VSSaegragea = 0.5 X VSS  [t] @)
where, VSS is the mass of the organic matter in the inlet of the digester tank in metric tonnes.
o Converting degraded VSS to COD
CODgegragea = 142 X VSS4egragea [t] )
where 1.42 is the conversion coefficient from biomass to COD [40].
o Calculation of methane (CH4) produced per unit of COD uegradea:
CHyproducealm®] = 0.35 X CODgegragea [k9] (6)

where 0.35 is the coefficient for the production of CH4 per unit of COD degraded [41].

e (Calculation of the energy bound in the methane (Epound):
where 9.94 kWh/m3=35,800 kJ/m? is the specific energy of methane [42].

o Calculation of the energy produced by cogeneration (Eproduceq):

Eproduced = 0.7 X Epouna (®

Eproduced,electrical = Eproduced,heat =0.5x Eproduced (9)

where 0.7 is a coefficient reflecting the efficiency of the cogeneration process, which consists of 0.35 for heat energy
and 0.35 for electrical energy production [42].
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Finally, by applying all of the equations presented above, the electrical energy that can be produced through
cogeneration is calculated using the following expression, which demonstrates the direct dependence on the volatile
suspended solids (VSS)”

Eproduced.etectricat = 0-5 X Eproducea = 0.5 X 0.7 X 9.94 x 0.35 X 1.42 X 0.5 X VSS = 0.8645 X VSS (10)

Equation 10 illustrates the relationship between the proposed parameter, the WWSI, and the potential for energy
production. The VSS generated in WWTPs result from processes occurring in both the primary clarifier and the
secondary treatment stage. The VSS produced in the primary clarifier depend on the total suspended solids (TSS)
entering the WWTP, which, in turn, are influenced by the degree of wastewater dilution that is, by the first component
of the WWSI, the WW fraction (Equation 1). The VSS generated in the secondary clarifier depends on the quantity of
excess sludge produced in the biological treatment process, which is influenced by the influent BOD concentration - the
second component of the WWSI, the Load Factor (Equation 2).

Therefore, it is expected that the proposed WWSI can serve as an indicator for estimating the potential for energy
generation through cogeneration. This hypothesis is verified using six municipal WWTPs as a case study.
2.1.3. Calculation of Electrical Energy Recovery Rate

The energy recovery rate depends on two main factors: the total energy consumed by the WWTP and the energy that

can be produced, as expressed in Equation 11:

E .
_ Eproduced,electrical 0,
Erecovered rate — Eused X 100' [/0] (1 1)

Equation 11 shows that the recovered energy is strongly influenced by the WWSI, since both the numerator and the
denominator are dependent on it. The relationship between the WWSI and energy recovery efficiency is examined and
verified using data from the six WWTPs included in this study.

2.2. Verification of the Theoretical Framework: Case Study on Six Municipal WWTPs
2.2.1. Main Characteristics of the WWTPs

Six municipal WWTPs in Bulgaria are included in the study. The identification of these WWTPs is by number, as
some water operators (WOs) are reluctant to disclose certain data and information. The WWTPs are briefly presented
in Table 1

Table 1. General information for the studied WWTPs (as of 2022)

Connected Generated Primary Nitrogen Phosphorus Sludge Current sludge

Wwrp people sludge clarifiers removal removal stabilization Dewatering utilization
Number t DM/year

WWTPI 1126 694 16 005 yes DN FeCl;+Bio MT Belt press Agriculture
WWTP2 131 769 526 yes DN FeCl3 oD Centrifuge Recultivation
WWTP3 112 415 1264 yes DN FeCl3+Bio MT Belt press Agriculture
WWTP4 48 578 154 yes DN FeCl;+Bio AS Screw press Kept on site
WWTPS5 36 633 193 yes DN FeCls AS Centrifuge Kept on site
WWTP6 5413 95 no DN FeCl; AS Centrifuge No data

Abbreviations used in the table: DM - dry mass; DN - Denitrification/Nitrification; Bio - biological phosphorus removal; MT - methane tank; OD - open digester;
AS - aerobic stabilization

All of the WWTPs included in the case study utilize biological nitrogen removal by denitrification/nitrification
process and chemical phosphorus removal (except WWTP1, which combines biological and chemical phosphorus
removal). This ensures a good starting point for their comparison regarding their energy performance.

2.2.2. Data Collected from the Operation of the WWTPs

The analysis presented in this study is based on two distinct types of data: 1) data provided by the WOs, and 2)
chemical analysis of sludge samples for specific parameters conducted at our research centre. The first set of data is
presented in Table 2. The second set of data is subsequently discussed in the following section.
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Table 2. Level of aggregation of data provided by the WOs

WWTP number Invoiced water Flow rat.es at Water qua.lity at Generated Consumed

volumes WWTP inlet WWTP inlet sludge energy
WWTP 1 Yearly Daily 2 values per week Yearly Yearly
WWTP 2 Yearly Yearly Yearly Yearly Yearly
WWTP 3 Yearly Daily Weekly Monthly Yearly
WWTP 4 Yearly Monthly Weekly Monthly Yearly
WWTP 5 Yearly Daily Working Days Yearly Yearly
WWTP 6 Yearly Daily Weekly Monthly Yearly

2.2.3. Chemical Analysis for Additional Sludge Characterization
o Sludge calorific value

The WO database has been expanded with additional measurements required for this study. Sludge samples were
taken three times at four locations in each WWTP - before and after the digestion unit, after the dewatering facility and
from the sludge drying beds (where available).

The sludge samples were analysed for calorific value. The gross calorific value of the non-stabilized and stabilized
sludge was determined according to BS EN 15170 standardized method. IKA C-6000 calorimetric system was used for
the analysis [43]. The nitrogen and sulphur content were ignored. Each sample was weighed on an analytical scale before
it was loaded in the bomb vessel of the instrument. IKA Thread was used for better ignition of the sample. Its calorific
value was excluded from the determined gross calorific value automatically by the apparatus. Oxygen was used as a gas
carrier for the combustion process.

o Volatile suspended solids (VSS) and Dry mass (DM) of the sludge
The VSS and the DM of each sample were determined according to BDS EN 15934-2012 and BDS EN 15935-2021
standardized methods [44, 45].
3. Results and Discussion
3.1. Determination of the WWSI
The WWSI was determined according to the procedure described in the Materials and Methods section and presented

in Table 3.

Table 3. Calculation of the WWSI

BOD pollution loss

WWTP WW fraction (Load factor) WWSI Average
2020 2021 2022 2020 2021 2022 2020 2021 2022
1 2 3 4 5 6 7 8=2*5 9=3%6 10=4*7
WWTP 1 0.58 0.55 0.55 0.67 0.71 0.69 0.39 0.39 0.38 0.39
WWTP 2 0.46 0.51 0.44 0.81 0.65 0.82 0.37 0.33 0.36 0.35
WWTP 3 0.90 0.75 0.71 0.7 0.62 0.67 0.63 0.46 0.47 0.52
WWTP 4 0.56 0.57 0.67 0.53 0.51 0.43 0.3 0.29 0.29 0.29
WWTP 5 0.22 0.20 0.19 0.65 0.52 0.61 0.15 0.11 0.11 0.12
WWTP 6 0.45 0.45 0.45 091 0.67 0.65 0.41 0.3 0.29 0.33

The data presented in Table 3 show that the WWSI is below 0.50 for all WWTPs included in the study, with the
exception of WWTP 3. However, the value for this plant is 0.52 - very close to the defined threshold indicating that all
investigated WWTPs operate with low-strength municipal wastewater. This outcome can primarily be attributed to two
factors: 1) dilution with extraneous water and 2) loss of pollution load.

e Dilution with extraneous water

Data from the investigated WWTPs indicate that all plants receive influent volumes exceeding the total billed
wastewater from domestic, commercial, and industrial users (Figure 4). For half of the studied WWTPs, the volumes of
infiltration and inflow (I/I) water are equal to or even greater than the volumes of actual wastewater, indicating
substantial dilution within the sewer systems.
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Figure 4. Fractions of billed wastewater and other water at WWTP inlet (average for the three-year period 2020 — 2022)

o Loss of pollution load (Load factor)

The ratios between the measured and theoretical BOD pollution loads were calculated for all WWTPs included in
the study. The results show that the ratio of measured to theoretical load is 0.49 to 0.76 (average 0.66), which may
indicate a significant loss of pollutant load due to biodegradation processes (Figure 5).

1.00 -
0.80 -
=
£ 0.60
1>}
£
S
g
2 0.40
0.20 A
0.00 T T T T T
WWTP 1 WWTP 2 WWTP 3 WWTP 4 WWTP 5 WWTP 6
® Fraction "Measured BOD load" Fraction "Loss to theoretical BOD load"

Figure 5. Fractions of measured and calculated BOD loads at WWTP inlet (average for the three-year period 2020 — 2022)

3.2. The proposed WWSI and the Assessment of WWTP Energy Performance
3.2.1. Assessment of Energy Performance Using Two Existing KPIs

Two of the most widely used indicators for evaluating the energy performance of WWTPs are employed as reference
points in the present study: KPI 1: energy consumption per cubic metre of treated wastewater, and KPI 2: energy
consumption per kilogram of COD removed (Table 4).

Table 4. Energy performance of the studied WWTPs using two existing KPIs (data for 2022)

WWTP WWTP1 WWTP2 WWTP3 WWTP4 WWTP5 WWTP6

Econsumed, KWh/per a 19272403 3564971 2732179 957323 1918519 292 344
Econsumed KWh/m? 0.17 0.26 0.38 0.31 0.20 0.47
Econsumed, KkWh/kg COD reduced 0.57 0.80 0.80 1.20 2.49 1.37
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The specific energy consumption per cubic metre of treated wastewater ranged from 0.17 to 0.47 kWh/m?, while the
specific energy consumption per kilogram of COD removed ranged from 0.57 to 2.49 kWh/kg COD (Table 4). The six
WWTPs included in the study employ different technologies for sludge stabilization: two use anaerobic digestion, three
utilize aerobic stabilization tanks, and one operates with an open digester. These technological variations likely explain
part of the observed differences in specific energy consumption. Another significant factor is plant size. As shown in
Table 4, WWTP1, more than eight times larger than the others, demonstrates better energy performance. Nevertheless,
the calculated range of energy consumption values is consistent with findings reported in other studies (Table 5).

Table 5. Comparison of the obtained results with literature data

Values/range Notes Reference
KPI 1 kWh/m?
0.17 to 0.47 Low strength wastewater; combined sewer; size from 5 000 to 1 200 000 people. This study
0.35 Median value of Italian WWTPs with combined sewer. Vaccari et al. [18]
0.26 t0 0.30 Based on data from six thousand WWTPs in China. Xu et al. [46]

Estimates also that the specific energy consumption is dependent on the COD concentration.
0.119t0 0.849  COD =200 mg/L the value is 0.212 kWh/m>. Yang et al. [47]
COD = 400 mg/L, the value is 0.612 kWh/m?.

0.25t0 0.71 Poland, a five-year monitoring period. Maston et al. [48]
0.0845to 3.18  This range pertains to the broader category of conventional activated sludge treatment. Cardoso et al. [15]
0.64+0.08 German WWTP before energy improvement solutions; increased efficiency by 24% after implementing solutions.  Macintosh et al. [27]
0.26 t0 0.985  Based on review on published studies around the world. Sarpong et al. [12]
KPI 2 kWh/kg COD reduced
0.57 to 2.49 Low strength wastewater; combined sewer; size from 5 000 to 1 200 000 people. This study

3.2 kWh/kgCOD for plants <2,000 PE;

1.76 for plants with 2,000-10,000 PE; .
0.85t03.2 . Vaccari et al. [18]

1.45 for plants with 10,000-100,000 PE;

0.85 for plants >100,000 PE.
0.54 to 4.61 Ten Italian WWTPs with size range from 9500 to 800 000 PE. Sabia et al. [23]

In addition to confirming that the values obtained in this study fall within the ranges reported by other authors, this
comparison highlights the advantage of the proposed composite WWSI, which simultaneously accounts for both the
quantity and quality of the treated wastewater. In doing so, it eliminates the need for additional clarification of input
parameters, as required, for example, in the study by Yang et al. [47] or Vaccari et al. [18].

3.2.2. Correlation Between the Two Existing KPIs and the Proposed WWSI

The proposed Wastewater Strength Indicator (WWSI) was correlated with the two selected KPIs (KPI 1 and KPI 2)
to evaluate their respective advantages and limitations (Figures 6 and 7).
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Figure 6. Correlation between KPI 1 and the proposed WWSI (data for years 2020, 2021 and 2022)
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Figure 7. Correlation between KPI 2 and the proposed WWSI (data for years 2020, 2021 and 2022)

Figure 6 shows that no significant correlation (R?=0.08) exists between KPI 1 and the proposed WWSI. This is, in
fact, a positive finding, as it highlights one of the key advantages of the WWSI and the key disadvantage of the KPI 1.
As explained by Vaccari et al. [18], in combined sewer networks, the presence of stormwater introduces an apparent
energy discount due to the higher denominator in the kWh/m? calculation. Consequently, the use of KPI 1 for systems
treating diluted wastewater may result in misleading comparisons between plants. Furthermore, diluted wastewater is
typically characterized by low COD concentrations, which, in turn, increase the specific energy requirements. These
two effects are not adequately addressed by KPI 1 when considered as a standalone indicator.

It should be noted that the study by Sabia et al. proposed a composite indicator, the Global Energetic Index (GEI),
which represents a weighted sum of the three most commonly used indicators: energy per cubic metre, energy per person
equivalent (PE), and energy per kilogram of COD removed [23]. Regardless of the weighting assigned to KPI 1, our
findings confirm previous research indicating that this indicator is not suitable for reliable assessment and should be
applied with caution even as part of a composite metric, such as in the work of Sabia et al.

A much stronger correlation is observed when comparing KPI 2 with the proposed WWSI (Figure 7). A plausible
explanation for this result is that KPI 2 is inherently a more meaningful indicator, as it directly relates energy
consumption to the primary objective of WWTP operation - COD (consequently BOD) removal.

Figure 7 also demonstrates that lower WWSI values correspond to higher specific energy requirements. Numerous
studies have reported that low-strength wastewater requires a higher energy input per unit of degraded organic matter,
a finding corroborated by the present research [17-19]. The most straightforward explanation is that dilution by
infiltration and inflow (I/I) water increases the total volume to be treated, thereby raising the energy demand.

The results illustrated in Figure 7 confirm this trend, showing a consistent pattern of increasing energy consumption
in municipal WWTPs treating lower-strength wastewater. For the analyzed set of six WWTPs, the results reveal that
WWTPs with a WWSI below 0.25 perform unsatisfactory, exhibiting specific energy consumption levels above 2.0
kWh/kg removed COD, whereas those with a WWSI above 0.35 demonstrate higher energy efficiency, with specific
consumption below 1.0 kWh/kg removed COD. WWTPs within the intermediate WSSI range (0.25 to 0.35) exhibit
moderate energy efficiency, with values between 1.0 and 1.5 kWh/kg COD removed. This provides additional evidence
that the proposed WWSI is a robust and reliable indicator for assessing energy performance and recovery potential.

3.3. The Proposed WWSI and the Assessment of Energy Recovery Potential

The potential for energy recovery was estimated following the calculation procedure described in the Methodology
section. The first step involves determining the amount of volatile suspended solids (VSS) subject to degradation, as the
quantity of recoverable energy is directly proportional to the amount of VSS degraded.

Among the six WWTPs analyzed, two facilities are equipped with existing digester tanks. For these plants, the
procedure for determining the degraded VSS quantity was adapted to reflect the availability of operational data. The
calculation steps are summarized in Table 6, where the fourth row lists the equations applied in the analysis.
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Table 6. Calculation of the degraded quantity of VSS for WWTPs with existing digesters

Digester inlet Digester outlet
Degraded Degradation
WWTP Sludge DM in VSS VSSin Mass of DM in VSS VSS in Mass of VSS rate
volume sludge in TS sludge VSS sludge in TS sludge VSS
m3 % % % t % % % t t %
1 2 3 4 5=3%4 6=2%5 7 8 9=7%8 10=2*9 11=6-10 12=11/6

WWTP1 744 630 43 69 2.98 22 189 2.7 55 1.46 10 835 11355 51
WWTP3 46 427 3.6 68 2.46 1142 22 58 1.28 593 549 48

Note: In columns 6 and 10 the conversion from volume to mass is performed using the volumetric rate of 1 t/m?.

For the remaining WWTPs without existing digester tanks, the mass of VSS prior to stabilization was used as the
input parameter in the calculations (see the Methodology section). The calculated values of electrical energy production
are summarized in Table 7.

Table 7. Estimation of the electrical energy recovery potential (data for 2022)

WWTP WWTP1 WWTP2 WWTP3 WWTP4 WWTP5S WWTP6
TS before digestion, t 32157 582 1679 154 197 106
VSS before digestion, t 22 189 419 1142 108 113 60
Econsumed, KWh/per a 19272 403 3564 971 2732179 957323 1918519 292 344
Eproduced-KWh/per all) (calculated) 19 633 479 362 495 949 862 89202 97319 52258
Eproduces, KWh/per kg TS (calculated) 0.61 0.62 0.56 0.58 0.49 0.49
% recovery of energy >100% 10% 35% 9% 5% 18%

Notes: (1) Calculated electrical energy according to the methodology described in “Materials and methodology section”; (2) The measured produced electrical energy
is 22 506 457 kWh/y; good consistency with the calculated values; (3) The measured produced electrical energy is 940 576 kWh/y; very good consistency with the
calculated values.

Table 7 illustrates the potential for energy recovery in each of the studied WWTPs, assuming that current energy
utilization patterns are maintained and that a digester tank is constructed. The two WWTPs already equipped with
digesters (WWTP 1 and WWTP 3) demonstrate the highest potential for recovering consumed energy in the form of
electrical output. In contrast, the ratio between energy consumed and energy potentially produced is markedly lower for
the remaining four WWTPs. The high energy consumption observed in WWTP 2 and WWTP 6 (and consequently their
lower recovery rates) may be attributed to the need for pumping wastewater into the WWTP inlets. For WWTP 4 and
WWTP 5, the elevated energy consumption can be explained by the use of aerobic stabilization processes.

An initial verification of the proposed methodology for estimating electrical energy production was conducted using
the two WWTPs with existing cogeneration units (WWTP 1 and WWTP 3). Table 7 shows that the measured and
calculated values of produced electrical energy are closely aligned. Further verification was performed using data
reported by Ayoub et al. [49], whose cogeneration system produces 0.34 kWh per kilogram of total solids (TS),
compared to a range of 0.49-0.61 kWh/kg TS in the present study.

An analysis was performed to determine the correlation between the proposed WWSI and the potential electrical
energy recovery rate (Figure 8). WWTP 1 was excluded from the analysis due to its substantially larger capacity and
distinct operational characteristics, particularly its exceptionally high energy recovery rate, which exceeds a value of 1.

Figure 8 illustrates that the WWSI is positively correlated (R?>=0.79) with the potential electrical energy recovery
rate, defined as the ratio of potentially generated energy to the total energy consumed. An increase in the WWSI
corresponds to a higher energy recovery potential.

Findings from previous studies indicate that for high-strength wastewater, with COD concentrations of 400-500
mg/L, the energy stored in sludge is approximately twice the energy required for conventional municipal wastewater
treatment [4]. However, the results of the present study show that the energy produced in municipal WWTPs, treating
low-strength wastewater, is insufficient to meet their comparatively high energy demand. This can be attributed to the
combined effect of higher energy consumption required for treatment and the lower amount of biomass generated.

Based on mathematical simulations, Sarpong & Gude [50] concluded that the energy recovery potential in
wastewater treatment increases with the organic strength of the wastewater. This finding is consistent with the results
presented in Figure 8. In addition, their simulations showed that energy recovery potential also increases with treatment
capacity. Large plants (>10 MGD, corresponding to approximately 250,000 inhabitants) have the advantage of
producing more energy due to the greater availability of organic solids and lower specific energy consumption compared
to smaller plants. In the present study, only WWTP 1 serves more than 250,000 inhabitants, and it exhibits a significantly
higher energy recovery rate than the other facilities (Table 7). Similarly, the benchmarking study by Vaccari et al. [18],
which included 200 WWTPs in Italy, confirmed that larger plants demonstrate higher energy efficiency.
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Figure 8. Electrical energy recovery rate (data for 2022) in dependence of the WWSI

The methodology for calculating energy yield developed in this study is based on several assumptions derived from
the cited references (see the corresponding subsection in the Materials and Methods section). Given the direct
proportionality between calorific value and produced energy, the calorific value of the sludge was experimentally
determined under laboratory conditions to validate the proposed calculation method. The findings of this analysis
enabled the derivation of a coefficient that can be used to rapidly estimate the potential generated energy when the
calorific value of the input sludge is known (Table 8).

Table 8. Determination of the unit converting coefficient (from calories to energy)

Produced electrical energy TS before digestion Measured calorific value Sludge calorific value Converting coefficient
WWTP
kWh t J/g MJ KWhyproduced, electrical/ MJsludge

1 2 3 4 5=3*4 6=2/5
WWTP1 19 633 479 32157 16033 515599 469 0.038
WWTP2 362 496 582 19461 11333252 0.032
WWTP3 949 862 1679 13561 22 774 503 0.042
WWTP4 89 202 154 13876 2262 604 0.041
WWTP5 97319 197 12877 2543 058 0.038
WWTP6 52258 106 11575 1227453 0.043
Average 0.039

The gross calorific values of sludge from the studied WWTPs range from 11.5 to 19.4 MJ/kg (see Table 8, column
4). This range is consistent with values reported by other authors, which vary between 8 and 26 MJ/kg [33, 51-53].
Notably, a recommendation issued by the World Bank more than thirty years ago suggested that biomass with a calorific
value exceeding 6 MJ/kg should be considered a potential energy source [54].

Therefore, despite the fact that the WWTPs examined in this study treat low-strength municipal wastewater, the
resulting sludge still possesses sufficient calorific value to enable its valorization into biogas. In light of these
considerations, the following equation is proposed for further calculations:

Electrical energy ,roqucea [kWh] = Unit Coeffcq o r X Sludge calorific value [M]] (12)

where, Unit Coef fcaito 5 = 0.039 kWhproduced, electricat/ M studge

The following equation is therefore proposed to determine the potential electrical energy generation from anaerobic
digestion, based on the measured calorific value of the sludge:

Electrical energy ,roqucea [kWh] = 0.039 x Sludge calorific value [M]] (13)
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3.4. Applicability of the Proposed WWSI

The proposed WWSI advances the state of the art. One of its main advantages is that it reflects both the quantity and
quality of wastewater entering the WWTP by integrating the effects of infiltration/inflow (I/I) water and pollutant load
loss. Since WWTP energy consumption depends directly on these two aspects, the WWSI provides a more precise
correlation between influent characteristics and the plant’s energy use. This suggests that the composite indicator is
more suitable for energy-related assessments than single-parameter indicators.

Another notable advantage of the proposed indicator is its ability to elucidate the relationship between sewer system
condition and WWTP energy efficiency. The WWSI highlights the importance of optimizing the sewerage network as
a critical step toward achieving energy neutrality in WWTP operations. A further benefit of the WWSI lies in its
simplicity and practicality. The parameters required for its calculation are easily obtainable, commonly used, and
understandable by all stakeholders. Moreover, the indicator does not rely on weighting factors, which are often
subjective. Considering the inherent uncertainties in WWTP data collection, the WWSI also exhibits sufficient stability
to mitigate the effects of data variability.

The results presented in this study show that the WWSI correlates strongly with the specific energy consumption in
WWTPs, expressed as kWh/kg COD removed. Furthermore, the proposed WWSI demonstrates a strong correlation with
the electrical energy recovery rate. A limitation of the proposed WWSI is that it does not explicitly account for all
variables influencing energy performance and recovery. For instance, it does not consider plant capacity, equipment
energy efficiency, or the technological treatment scheme employed.

Despite this limitation, the proposed WWSI can serve as a valuable tool for benchmarking the energy performance
of existing WWTPs. Based on the obtained values, targeted measures can be identified to enhance plant energy
efficiency. The indicator is also applicable at the design stage, particularly when energy recovery upgrades are being
planned, as it allows for preliminary estimation of potential energy recovery rates.

To promote its broader adoption and strengthen the reliability of derived correlations, further verification using
additional WWTP datasets is recommended.

4. Conclusions

Two recent directives set stringent requirements for achieving energy neutrality in wastewater treatment plants
(WWTPs): the recast Urban Wastewater Treatment Directive (2024) and Directive (EU) 2018/2001 on the promotion
of energy from renewable sources. The practical implementation of these requirements necessitates assessing both the
potential for enhancing the energy efficiency of existing WWTPs and the feasibility of energy recovery. Given the
substantial number of facilities treating low-strength wastewater, it is essential to establish a robust methodology for
evaluating their potential and defining the limits of feasible energy efficiency improvements. The research presented in
this paper addresses the previously identified gaps and advances the state of the art in four key aspects:

e Development of a composite WWSI indicator, which is straightforward to apply yet represents a significant
improvement in determining wastewater strength by integrating both quantitative and qualitative wastewater
characteristics into a single metric;

e Proposal of an approach for estimating the energy recovery potential from cogeneration processes in municipal
WWTPs;

o Establishment of a correlation between the WWSI and the energy performance and recovery potential; and

o Introduction of a unit conversion coefficient for sludge calorific value (0.039 kWh/MJ), enabling rapid estimation
of potential electrical energy recovery.

For the analyzed set of six WWTPs, the results reveal that WWTPs with a WWSI below 0.25 perform unsatisfactory,
exhibiting specific energy consumption levels above 2.0 kWh/kg removed COD, whereas those with a WWSI above
0.35 demonstrate higher energy efficiency, with specific consumption below 1.0 kWh/kg removed COD. WWTPs within
the intermediate WSSI range (0.25 to 0.35) exhibit moderate energy efficiency, with values between 1.0 and 1.5 kWh/kg
COD removed. This provides additional evidence that the proposed WWSI is a robust and reliable indicator for assessing
energy performance and recovery potential.

The findings further indicate that achieving legislative energy neutrality requirements may be challenging for
WWTPs treating low-strength wastewater. This difficulty persists despite the relatively high calorific value of the sludge
(ranging from 11.5 to 19.4 MJ/kg), which exceeds the World Bank’s recommended threshold of 6 MJ/kg for biomass
valorization. For the WWTPs studied, the energy recovery rates were below 10% in three cases, below 20% in one, and
below 35% in another. The treatment of low-strength wastewater leads to inherent energy inefficiencies that are difficult
to overcome through sludge digestion and cogeneration alone. Notably, only the largest WWTP serving a population
equivalent of over one million achieved an energy production rate slightly exceeding its consumption.

These results underscore the critical importance of implementing measures aimed at optimizing energy consumption
throughout the treatment process, thereby moving closer to compliance with the principles of energy neutrality.

541



Civil Engineering Journal Vol. 12, No. 02, February, 2026

5. Declarations
5.1. Author Contributions

Conceptualization, B.B. and [.R.; methodology, I.R. and B.B.; validation, D.V.; formal analysis, D.V. and S.L.;
investigation, B.B. and V.R.; resources, B.B., LR., LK., V.R,, D.V., and S.L.; data curation, B.B.; writing—original
draft preparation, B.B. and I.R; writing—review and editing, D.V., V.R., LK., and S.L.; visualization, B.B., D.V., and
LR.; supervision, I.R.; project administration, I.R. and [.LK.; funding acquisition, I.R. All authors have read and agreed
to the published version of the manuscript.

5.2. Data Availability Statement

The data presented in this study are available within the article.

5.3. Funding

The study was funded by the Project No: BGI16RFPR002-1.014-0015: “Clean technologies for sustainable
environment — waters, waste, energy for circular economy” (Clean & Circle), funded by the Bulgarian Operational
Program "Research, Innovation and Digitization for Smart Transformation", co-financed by the European Union.

5.4. Acknowledgements

We would like to thank the Water Operators of the investigated WWTPs in Bulgaria for providing us their monitoring
data and access to their sites for sampling.

5.5. Conflicts of Interest

The authors declare no conflict of interest.

6. References

[1] European Commission. (2024). DIRECTIVE (EU) 2024/3019 of the European parliament and of the council concerning urban
wastewater treatment. European Commission, Brussels, Belgium.

[2] European Commission. (2018). Directive (EU) 2018/2001 of the European Parliament and of the Council on the promotion of the
use of energy from renewable sources. European Commission, Brussels, Belgium.

[3] Sancho, 1., Lopez-Palau, S., Arespacochaga, N., & Cortina, J. L. (2019). New concepts on carbon redirection in wastewater
treatment plants: A review. Science of the Total Environment, 647, 1373—-1384. doi:10.1016/j.scitotenv.2018.08.070.

[4] Khiewwijit, R., Temmink, H., Rijnaarts, H., & Keesman, K. J. (2015). Energy and nutrient recovery for municipal wastewater
treatment: How to design a feasible plant layout? Environmental Modelling and Software, 68, 156-165.
doi:10.1016/j.envsoft.2015.02.011.

[5] Hu, M., Hu, H., Ye, Z., Tan, S., Yin, K., Chen, Z., Guo, D., Rong, H., Wang, J., Pan, Z., & Hu, Z. T. (2022). A review on turning
sewage sludge to value-added energy and materials via thermochemical conversion towards carbon neutrality. Journal of Cleaner
Production, 379. doi:10.1016/j.jclepro.2022.134657.

[6] Wang, S., Peng, Y., Ma, B., Wang, S., & Zhu, G. (2015). Anaerobic ammonium oxidation in traditional municipal wastewater
treatment plants with low-strength ammonium loading: Widespread but overlooked. Water Research, 84, 66-75.
doi:10.1016/j.watres.2015.07.005.

[7] Zhang, M., Zhu, C., Gao, J., Fan, Y., He, L., He, C., & Wu, J. (2020). Deep-level nutrient removal and denitrifying phosphorus
removal (DPR) potential assessment in a continuous two-sludge system treating low-strength wastewater: The transition from
nitration to nitritation. Science of the Total Environment, 744. doi:10.1016/j.scitotenv.2020.140940.

[8] Liu, Y. Q., Moy, B. Y. P., & Tay, J. H. (2007). COD removal and nitrification of low-strength domestic wastewater in aerobic
granular  sludge  sequencing  batch  reactors. Enzyme and  Microbial  Technology, 42(1), 23-28.
doi:10.1016/j.enzmictec.2007.07.020.

[9] Srinivasa Raghavan, D. S., Qiu, G., Song, Y., & Ting, Y. P. (2017). Anaerobic Treatment of Low-Strength Wastewater. Current
Developments in Biotechnology and Bioengineering: Biological Treatment of Industrial Effluents, Elsevier, Amsterdam,
Netherlands. doi:10.1016/B978-0-444-63665-2.00012-6.

[10] Rahman, A., Hasan, M., Meerburg, F., Jimenez, J. A., Miller, M. W., Bott, C. B., Al-Omari, A., Murthy, S., Shaw, A., De
Clippeleir, H., & Riffat, R. (2020). Moving forward with A-stage and high-rate contact-stabilization for energy efficient water
resource recovery facility: Mechanisms, factors, practical approach, and guidelines. Journal of Water Process Engineering, 36.
doi:10.1016/j.jwpe.2020.101329.

[11] Park, J., Kim, J., Choi, H., & Lee, C. (2024). Anaerobic treatment of low-strength municipal wastewater with electroactive
magnetite-embedded granules under mainstream conditions. Process Safety and Environmental Protection, 188, 1611-1622.
doi:10.1016/j.psep.2024.05.139.

542



Civil Engineering Journal Vol. 12, No. 02, February, 2026

[12] Sarpong, G., Gude, V. G., Magbanua, B. S., & Truax, D. D. (2020). Evaluation of energy recovery potential in wastewater
treatment based on codigestion and combined heat and power schemes. Energy Conversion and Management, 222, 222.
doi:10.1016/j.enconman.2020.113147.

[13] Tomei, M. C., Stazi, V., de Araujo, J. C., & Madeira, C. L. (2024). Anaerobic treatment of low-strength wastewater: applicability
and hygienization potential. Anaerobic Treatment of Domestic Wastewater, 3—28, IWA Publishing, London, United Kingdom.
doi:10.2166/9781789063479_0003.

[14] Dimova, G., Ribarova, 1., & de Carné, F. (2015). Coping with Extraneous Water in Sewerage Systems Understanding and
Managing Urban Water in Transition. Global Issues in Water Policy, 15. Springer, Dordrecht, Netherlands. doi:10.1007/978-
94-017-9801-3_3.

[15] Cardoso, B. J., Rodrigues, E., Gaspar, A. R., & Gomes, A. (2021). Energy performance factors in wastewater treatment plants:
A review. Journal of Cleaner Production, 322. doi:10.1016/j.jclepro.2021.129107.

[16] Ohlin Saletti, A., Lindhe, A., Soderqvist, T., & Rosén, L. (2023). Cost to society from infiltration and inflow to wastewater
systems. Water Research, 229. doi:10.1016/j.watres.2022.119505.

[17] Luo, L., Dzakpasu, M., Yang, B., Zhang, W., Yang, Y., & Wang, X. C. (2019). A novel index of total oxygen demand for the
comprehensive evaluation of energy consumption for urban wastewater treatment. Applied Energy, 236, 253-261.
doi:10.1016/j.apenergy.2018.11.101.

[18] Vaccari, M., Foladori, P., Nembrini, S., & Vitali, F. (2018). Benchmarking of energy consumption in municipal wastewater
treatment plants - A survey of over 200 plants in Italy. Water Science and Technology, 77(9), 2242-2252.
doi:10.2166/wst.2018.035.

[19] Niu, K., Wu, J., Qi, L., & Niu, Q. (2019). Energy intensity of wastewater treatment plants and influencing factors in China.
Science of the Total Environment, 670, 961-970. doi:10.1016/j.scitotenv.2019.03.159.

[20] Longo, S., d’Antoni, B. M., Bongards, M., Chaparro, A., Cronrath, A., Fatone, F., Lema, J. M., Mauricio-Iglesias, M., Soares,
A., & Hospido, A. (2016). Monitoring and diagnosis of energy consumption in wastewater treatment plants. A state of the art
and proposals for improvement. Applied Energy, 179, 1251-1268. doi:10.1016/j.apenergy.2016.07.043.

[21] de Matos, B., Salles, R., Mendes, J., Gouveia, J. R., Baptista, A. J., & Moura, P. (2023). A Review of Energy and Sustainability
KPI-Based Monitoring and Control Methodologies on WWTPs. Mathematics, 11(1), 173. do0i:10.3390/math11010173.

[22] Di Fraia, S., Massarotti, N., & Vanoli, L. (2018). A novel energy assessment of urban wastewater treatment plants. Energy
Conversion and Management, 163, 304—313. doi:10.1016/j.enconman.2018.02.058.

[23] Sabia, G., Luigi, P., Avolio, F., & Caporossi, E. (2020). Energy saving in wastewater treatment plants: A methodology based on
common key performance indicators for the evaluation of plant energy performance, classification and benchmarking. Energy
Conversion and Management, 220. doi:10.1016/j.enconman.2020.113067.

[24] Gallo, M., Malluta, D., Del Borghi, A., & Gagliano, E. (2024). A Critical Review on Methodologies for the Energy
Benchmarking of Wastewater Treatment Plants. Sustainability (Switzerland), 16(5), 1922. doi:10.3390/su16051922.

[25] di Cicco, M. R., Spagnuolo, A., Masiello, A., Vetromile, C., Nappa, M., Corbo, G., & Lubritto, C. (2019). Assessing energy
performance and critical issues of a large wastewater treatment plant through full-scale data benchmarking. Water Science and
Technology, 80(8), 1421-1429. doi:10.2166/wst.2019.392.

[26] Mauricio-Iglesias, M., Longo, S., & Hospido, A. (2020). Designing a robust index for WWTP energy efficiency: The
ENERWATER water treatment energy index. Science of the Total Environment, 713. doi:10.1016/].scitotenv.2020.136642.

[27] Macintosh, C., Astals, S., Sembera, C., Ertl, A., Drewes, J. E., Jensen, P. D., & Koch, K. (2019). Successful strategies for
increasing energy self-sufficiency at Griineck wastewater treatment plant in Germany by food waste co-digestion and improved
aeration. Applied Energy, 242, 797-808. doi:10.1016/j.apenergy.2019.03.126.

[28] Longo, S., Mauricio-Iglesias, M., Soares, A., Campo, P., Fatone, F., Eusebi, A. L., Akkersdijk, E., Stefani, L., & Hospido, A.
(2019). ENERWATER — A standard method for assessing and improving the energy efficiency of wastewater treatment plants.
Applied Energy, 242, 897-910. doi:10.1016/j.apenergy.2019.03.130.

[29] Longo, S., Hospido, A., & Mauricio-Iglesias, M. (2023). Energy efficiency in wastewater treatment plants: A framework for
benchmarking  method  selection and  application.  Journal of  Environmental = Management,  344.
doi:10.1016/j.jenvman.2023.118624.

[30] MRDPW. (2024). Regulation No. RD-02-20-8 of 2013 (recast in 2024) on the design, construction and operation of sewerage
systems. Ministry of regional development and public works of Bulgaria (MRDPW), Sofia, Bulgari.

[31] DWA-A 131E. (2022). Dimensioning of Single-Stage Activated Sludge Plants. German Association for Water, Wastewater and
Waste (DWA), Hennef, Germany.

543



Civil Engineering Journal Vol. 12, No. 02, February, 2026

[32] MRDPW. (2000). Ordinance No 7 on the conditions and procedure for the discharge of industrial wastewater into the sewerage
systems of settlements. Ministry of regional development and public works of Bulgaria (MRDPW), Sofia, Bulgari. (In
Bulgarian).

[33] Singh, V., Phuleria, H. C., & Chandel, M. K. (2020). Estimation of energy recovery potential of sewage sludge in India: Waste
to watt approach. Journal of Cleaner Production, 276, 276. doi:10.1016/j.jclepro.2020.122538.

[34] Chang, H., Zhao, Y., Bisinella, V., Damgaard, A., & Christensen, T. H. (2023). Climate change impacts of conventional sewage
sludge treatment and disposal. Water Research, 240. doi:10.1016/j.watres.2023.120109.

[35] Abeyratne, W. M. L. K., Bayat, H., Delanka-Pedige, H. M. K., Zhang, Y., Brewer, C. E., & Nirmalakhandan, N. (2023). Multi-
criteria evaluation of energy recovery from urban wastewater sludges by anaerobic digestion and hydrothermal liquefaction.
Journal of Environmental Chemical Engineering, 11(2), 109628. doi:10.1016/j.jece.2023.109628.

[36] Guven, H., Ersahin, M. E., & Ozgun, H. (2022). Energy self-sufficiency in wastewater treatment plants: perspectives, challenges,
and opportunities. Clean Energy and Resource Recovery, Elsevier, Amsterdam, Netherlands. doi:10.1016/B978-0-323-90178-
9.00019-6.

[37] Gori, R., Jiang, L. M., Sobhani, R., & Rosso, D. (2011). Effects of soluble and particulate substrate on the carbon and energy
footprint of wastewater treatment processes. Water Research, 45(18), 5858—5872. doi:10.1016/j.watres.2011.08.036.

[38] Chang, H., Zhao, Y., Li, X., Damgaard, A., & Christensen, T. H. (2023). Review of inventory data for the biological treatment
of sewage sludge. Waste Management, 156, 66—74. doi:10.1016/j.wasman.2022.11.027.

[39] Stillwell, A. S., Hoppock, D. C., & Webber, M. E. (2010). Energy recovery from wastewater treatment plants in the United
States: a case study of the energy-water nexus. Sustainability, 2(4), 945-962. doi:10.3390/su2040945.

[40] Ahnert, M., Schalk, T., Briickner, H., Effenberger, J., Kuehn, V., & Krebs, P. (2021). Organic matter parameters in WWTP — A
critical review and recommendations for application in activated sludge modelling. Water Science and Technology, 84(9), 2093—
2112. doi:10.2166/wst.2021.419.

[41] Rocha, M. E., Lazarino, T. C., Oliveira, G., Teixeira, L., Marques, M., & Mangiavacchi, N. (2024). Analysis of biogas production
from sewage sludge combining BMP experimental assays and the ADM1 model. Peer], 12. doi:10.7717/peerj.16720.

[42] Metcalf & Eddy, A.E.C.O.M. (2014). Wastewater engineering treatment and resource recovery. McGraw-Hill Education,
Columbus, United States.

[43] BS EN 15170:2008. (2008). Characterization of sludges. Determination of calorific value. British Standard Institute (BSI),
London, United Kingdom.

[44] BS EN 15934:2012. (2012). Sludge, treated biowaste, soil and waste - Calculation of dry matter fraction after determination of
dry residue or water content. British Standard Institute (BSI), London, United Kingdom.

[45] BS EN 15935-2021. (2021). Soil, waste, treated biowaste and sludge. Determination of loss on ignition. British Standard Institute
(BSI), London, United Kingdom.

[46] Xu, J., Luo, P, Lu, B., Wang, H., Wang, X., Wu, J., & Yan, J. (2018). Energy-water nexus analysis of wastewater treatment
plants (WWTPs) in China based on statistical methodologies. Energy Procedia, 152, 259-264.
doi:10.1016/j.egypro.2018.09.116.

[47] Yang, X., Wei, ., Ye, G., Zhao, Y., Li, Z., Qiu, G., Li, F., & Wei, C. (2020). The correlations among wastewater internal energy,
energy consumption and energy recovery/production potentials in wastewater treatment plant: An assessment of the energy
balance. Science of the Total Environment, 714. doi:10.1016/j.scitotenv.2020.136655.

[48] Maston, A., Czarnota, J., Szczyrba, P., Szaja, A., Szulzyk-Cieplak, J., & Lagdd, G. (2024). Assessment of Energy Self-
Sufficiency of Wastewater Treatment Plants—A Case Study from Poland. Energies, 17(5), 1164. doi:10.3390/en17051164.

[49] Ayoub, M., Rashed, I. G. A.-A., & El-Morsy, A. (2016). Energy Production from Sewage Sludge in a Proposed Wastewater
Treatment Plant. Civil Engineering Journal, 2(12), 637-645. doi:10.28991/cej-2016-00000064.

[50] Sarpong, G., & Gude, V. G. (2021). Codigestion and combined heat and power systems energize wastewater treatment plants —
Analysis and case studies. Renewable and Sustainable Energy Reviews, 144. doi:10.1016/j.rser.2021.110937.

[51] Awasthi, M. K., Ganeshan, P., Gohil, N., Kumar, V., Singh, V., Rajendran, K., Harirchi, S., Solanki, M. K., Sindhu, R., Binod,
P., Zhang, Z., & Taherzadeh, M. J. (2023). Advanced approaches for resource recovery from wastewater and activated sludge:
A review. Bioresource Technology, 384. doi:10.1016/j.biortech.2023.129250.

[52] Syed-Hassan, S. S. A., Wang, Y., Hu, S., Su, S., & Xiang, J. (2017). Thermochemical processing of sewage sludge to energy
and fuel: Fundamentals, challenges and considerations. Renewable and Sustainable Energy Reviews, 80, 888-913.
doi:10.1016/j.rser.2017.05.262.

[53] Hao, X., Chen, Q., van Loosdrecht, M. C. M., Li, J., & Jiang, H. (2020). Sustainable disposal of excess sludge: Incineration
without anaerobic digestion. Water Research, 170, 115298. doi:10.1016/j.watres.2019.115298.

[54] World Bank. (1991). Municipal solid waste incineration - technical guidance report. Municipal waste combustion. World Bank,
Washington, United States.

544



