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ABSTRACT
In the last decades, the amount of municipal sewage sludge generation rate has drastically increased 
due to population growth, spatial sewerage system development, and implementation of new treatment 
techniques. Nowadays, it is considered a globally prominent issue. Municipal sewage sludge contains 
pathogenic bacteria and viruses along with heavy metals, poorly biodegradable organic compounds, 
pharmaceuticals, and microplastics, which make its utilization management quite difficult. Landfill 
placement of sewage sludge is the most widely used technique worldwide, but is obsolete and inef-
ficient, and accompanied by significant risk of environmental pollution with high logistics expenditure. 
Moreover, landfill placement means that all residual energy and potential material reuse applications 
are lost. The introduction of modern treatment techniques can solve the problem with sewage sludge 
generation, but it results in strong energy consumption increase of energy consumption. Moderniza-
tion and operational policies based on circular economy principles are focused on relevant sewage 
sludge utilization issues with the potential use of waste-to-energy and recycling applications. The paper 
presents a methodological approach of cradle-to-grave assessment of sewage sludge treatment pro-
cess based on energy and material flow analysis. The proposed methodology is studied within the 
real operational activities of big-scale wastewater treatment plants of two of the largest cities of Rus-
sia – Ekaterinburg and Perm. This investigation provides an efficient managerial tool for sustainable 
development that can be used by wide range of stakeholders.
Keywords: anaerobic digestion, assessment, circular economy, pyrolysis, sewage sludge, sludge drying, 
waste-to-energy.

1 INTRODUCTION
Modernization policy planning and implementation of municipal wastewater treatment plants 
(WWTPs) in order to reduce negative environmental impact is a key element for a sustainable 
management in concordance with circular economy (CE) view [1–3]. Evolution of rapid 
techniques together with the development of fundamentally new sludge-processing stages 
thereby lead to energy consumption growth [4–6].

Achievement of net zero energy at WWTP by utilizing energy efficiency opportunities, 
combined heat and power (CHP) systems, and other renewable energy potential sources is 
generally not a priority for the ordinary public utilities sector, while managers are forced to 
resolve significant waste generation issues [7]. However, the former one is quite important in 
the context of global population growth and the intensive way of WWTP improvement, espe-
cially in developing countries [8–10].

At present, it has become obvious that existing WWTP operation models, based on the 
traditional (linear) economic approach, block the resolution of actual modern challenges 
which humanity will face in the future – environmental deterioration and resource depletion. 
Implementation of advanced practices is of great importance in order to save the nature, as 
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well as achieve economic and energy efficiency results. The adoption of CE practices 
appears as a timely, relevant, and practical option to meet the goals of sustainable develop-
ment [11,12]. It can be characterized by a reduced use of renewable and non-renewable 
inputs and closed loop reuse and recycling of material outputs, thus drastically reducing or 
eliminating waste and dissipative loss together with the creation of new marketable products 
[12,13].

Recently, the annual sewage sludge (SS) production has been estimated at 14, 6, 13, and 3 
million tons of dry matter per year (mtDM/year) in Europe, China, the United States of Amer-
ica, and Russia, respectively, and further increases have been projected with economic and 
population growth [14,15].

The process of wastewater treatment (WWT) and the resulting SS require significant 
energy costs, wherein the major share of it is focused on activated sludge (AS) aeration pro-
cess (more than 60%), as well as the pumping and dewatering of SS. The specific energy 
consumption of biological treatment facilities in Russia per equivalent inhabitant is about 0.1 
kW h/d, and the potential energy consumption for the aeration process throughout the coun-
try is 240 MW h (5800 MW×d). Reducing energy costs in the field of WWTP is an important 
and priority task.

The implementation of best available processing and utilization techniques for SS through 
the maximum use of wa ste-to-energy applications is considered the optimal solution to the 
described problem. According to published scientific data, the calorific value of SS samples 
with 80% moisture is 4×103 kJ/kg, with 20% moisture – 25×103 kJ/kg [16, 17].

Nowadays, the following globally recognized SS treatment waste-to-energy techniques are 
applied at progressive WWTPs: anaerobic digestion (AD), combustion, pyrolysis, and gasifi-
cation, as reported in Fig. 1 [15]. Considering the high content of organic substances, the 
coking process could be applied for SS treatment using the developed technology of organic 
municipal solid waste processing or integrated technologies [18–20].

Figure 1: Potential sewage sludge treatment waste-to-energy techniques. (Source: [15])
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The development of methodological approaches for making a reasonable selection from 
SS waste-to-energy alternatives will significantly increase the profitability of WWTPs and 
reduce energy costs for technological processes.

The most common approach for assessment of SS treatment process under CE is Life 
Cycle Assessment (LCA) [21–24]. Material flow analysis (MFA) is considered to be reason-
able for the assessment of WWTP under CE [25, 26].

Nowadays, there is no relevant comparative survey concerning SS treatment and utilization 
of successful application alternatives, focused on the transition toward CE at big-scale 
WWTPs. The purpose of this paper is to create a cradle-to-grave assessment framework using 
an LCA and MFA construction methodology through energy and SS flows via scenarios 
under CE view.

2 MATERIALS AND METHODS
The research was performed by applying the basic LCA and MFA to empirical samples col-
lected by the authors at WWTPs. The methodological approach is based on several steps, 
including: (i) investigated scenarios description; (ii) methodological framework construction; 
and (iii) results output and visualization.

2.1 Investigated scenarios

The authors selected three typical scenarios for wastewater sludge treatment techniques, 
which are presented in Fig. 2; these correspond to real WWTP operating in two of the largest 
cities of Russia with a population over 1 million inhabitants.

The first scenario, ‘basic’, is used at the southern WWTP in Ekaterinburg. The plant receives 
up to 85% of the total wastewater inflow from the city; its maximum performance is equivalent 
to 550,000 m3/d. The technological process under consideration consists of pumping, thicken-
ing, and averaging (PTA) of primary sludge (PS) and waste-activated silt (WAS), with further 
mechanical dewatering at the chamber filter press. Special chemicals, such as calcium oxide 
(CaO), are added to increase the efficiency of water loss. Nowadays, the cake (CA) is placed 
at the landfill, and it means that all the residual energy is lost. Moreover, biodegradation of 

Figure 2:  Scenarios under consideration. Scenario 1: based on southern WWTP in 
Ekaterinburg, Russia; scenario 2: based on northern WWTP in Ekaterinburg, 
Russia; and scenario 3: based on WWTP in Perm, Russia.
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sludge in the landfills results in the deposition of large amount of hazardous substances and 
heavy metals into groundwater and soil, despite the special site preparation [27].

The second scenario, ‘intensive with drying’, assumes a partially circular framework. This 
pattern is used at the northern WWTP in Ekaterinburg, which receives up to 15% of a total 
wastewater inflow from the city; its maximum performance is equivalent to 100,000 m3/d. 
The technological process is similar to that of the first scenario, but AD with CHP generation 
and CA drying is added. AD is used to achieve the required ‘sterilization’ or pathogen kill, 
reducing the dry matter of SS f or disposal and producing a methane-rich biogas [28]. Thick-
ened and averaged mixture of PS and WAS is transported into the two digesters with 
mesophilic digestion process. Biogas from AD is used at the CHP unit produced by Jen-
bacher with 635 kW total electrical output and 674 kW total thermal output. Digested sludge 
is fed for mechanical dewatering and then for low-temperature drying (at 280°C). Drying is 
performed by passing the sludge through turbo-drying units, where a thin sediment layer is 
created along the heated cylinder due to centrifugal force. At the end point, sludge with 
approximately 80% of dry matter is compressed into granules and can be used as biofuel for 
Portland cement clinker production. Cement kiln at 2000°C creates preconditions for com-
plete energy and material utilization of sludge: the combustible part is used for heat generation, 
while the non-combustible part (ash) is used as a cement additive. According to Grilc et al. 
[29], the average net calorific value of dry sludge is approximately 10,250 MJ/kg or 2847.22 
kW h/kg.

The third scenario, ‘intensive with pyrolysis’, is used at WWTP in Perm. The maximum 
performance of current WWTP is 400,000 m3/d. Approximately 1800–2000 tons of raw 
sludge with 98% moisture is formed as a result of the daily WWT process. Pre-averaged and 
thickened raw sludge is forwarded to dewatering process on decanter centrifuges, where it is 
dehydrated to 75% moisture. Thereafter, one part is transported to landfills, while another 
part goes to the pilot facility for thermal treatment, where it is dried and gasified. SS drying 
is carried out in a cylinder-type installation under the influence of heat-driven substance – 
flue gas with a temperature of up to 400°C that originated through pyrolysis/gasification 
process. The dried sludge is fed to the pyrolysis/gasification reactor. The latter one is designed 
on the basis of multi hearth furnace (MHF). Dried sludge enters the top of the reactor, where 
continuous movement of material from overlying hearths to underlying ones is ensured 
through rotation of the shaft with the blades. Ash is discharged from the bottom of the reactor. 
The reactor requires an external heat source for heating (diesel) when starting up; then the 
reactor operates in an autothermal mode without heat consumption. Thus, the reactor moves 
from pyrolysis to gasification.

In the MHF, the organic part of sludge is completely transformed into generator gas, while 
the mineral part is discharged in the form of ash. Generator gas is supplied for combustion in 
a high-temperature gas jet (GJ). The use of external GJ enables volumetric oxidation of the 
generator gas in the combustion chamber at a temperature of more than 1100°C. Further 
combustion gas is fed to the vortex mixer, where it is cooled by cold vapor from the dryer. 
Thus, the heat-driven substance of appropriate temperature is prepared and then transferred 
to the dryer.

The vapor from the dryer is partially returned for diluting and cooling the combustion 
gases inside the vortex mixer. Later, the excess vapor is removed from the dryer and sent to 
the scrubber for cleaning, where dust particles and gaseous pollutants (compounds of chlo-
rine, fluorine, and sulfur) are removed. Before emission through exhaust pipe, the resulting 
vapor is condensed and combustion gases are dried.
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The amount of thermal energy obtained by burning the generator gas is sufficient to ensure 
the process of autothermal drying of SS. Thermal energy for the initial heating of the reactor 
and electric power to drive the mechanisms of the complex, which are taken from outside, 
make up only a minor part in comparison with the energy consumption for SS drying. This 
heat consumption is not taken into account via methodological framework. All SS will be 
subjected to pyrolysis/gasification after trial exploitation.

2.2 Methodological framework

LCA is linked to the international environmental management standard ISO 14000 and is 
capable of assessing from raw material acquisition for product manufacturing to utilization, 
end-of-life treatment, and final disposal [30]. LCA comprehensively considers the current 
and potential influence of a system on the environment through cradle-to-grave analysis. The 
LCA step-by-step action plan described in ISO 14040:2006 includes four consistent stages: 
(i) goal and scope definition; (ii) inventory analysis; (iii) impact analysis; and (iv) interpreta-
tion of results.

MFA is considered a relevant tool for environmental sustainability assessment and man-
agement, which is closely associated with CE principles. It is a quantitative procedure for 
determining the flow of materials and energy through the economy. It captures the mass 
balances in an economy where inputs (extractions + imports) equal outputs (consumption + 
exports + accumulation + wastes) [31].

The investigation conducted in the present work is based on the principles of LCA and 
MFA considered in a single framework. These methods create opportunities to draw energy 
and material balance of WWTP in order to improve sustainable management under CE para-
digm. Framework application will help to create a sound environment for managerial 
decision-making during development of operational and modernization policies. Application 
of the MFA tool together with LCA creates a simple and intuitive method which provides 
holistic cradle-to-grave assessment of SS treatment process under specific system boundaries 
in quest for the best management benchmark.

The flows of energy and SS, including PS and WAS, were measured during 1 year (2018) 
and expressed in daily values (kW h/d and tons/d) throughout the different scenarios. The 
current investigation is focused on total mass reduction and energy balance (consumed/gen-
erated) for this process; no emissions were estimated. To evaluate the energy balance, the net 
energy consumption (NEC) indicator was used; this is calculated by subtracting the energy 
content of the secondary fuels and energy commodities produced from the operation of the 
facility from the total energy consumed by the operation of a facility, using the following 
equation [7]:

 NEC EC EG= − ,  (1)

where EC is the energy consumed from the grid (including electrical and thermal) and EG  is 
the energy generated throughout the technological process or potential energy, which can be 
generated somewhere beyond the boundaries of current scenarios (e.g. dried SS can be used 
as a biofuel at the cement kiln).

2.3 Results interpretation

The Sankey diagram can be used as an effective post-processing tool to focus on energy and 
mass flows and their transformation across various systems. It is expressed by arrows whose 
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width represents the magnitude of the flow [32]. Energy and material system boundaries are 
associated with temporal and spatial dimensions.

The Sankey diagram outputs are focused on energy efficiency and waste reduction through 
reuse and recycle applications and creation of closed loops. The way toward CE offers possi-
bilities for a company to become energy positive with significantly lower than the original SS 
volume. Transparent and natural visualization of key elements of SS treatment and utilization 
techniques creates opportunities for managers to strive for technological improvements 
through rethinking and redesigning the operating system itself.

Despite the fact that WWTPs under consideration collect wastewater from among the larg-
est cities of Russia with a population of over 1 million inhabitants, each facility has its own 
scale. To compare the data obtained at different WWTPs, the following averaged indicators 
are used: mass decrease efficiency (MDE), average energy consumption (AEC), and average 
net energy consumption (ANEC).

The MDE indicator reveals the percentage of SS obtained as a result of technological pro-
cess compared to the initial raw sludge inflow and is calculated as follows:

 
MDE FS

RS

=
M

M
,  (2)

where MFS  is the total mass of SS, resulting from a cradle-to-grave technological cycle, and 
MRS is the total mass of initial raw SS.

The AEC indicator shows the amount of energy consumed for the SS treatment process 
relative to the mass of initial raw SS. AEC can be calculated both for the whole process and 
for its part. This indicator is calculated using the following equation:

 
AEC

EC

RS

=
M

,  (3)

where EC  is the energy consumed from the grid and MRS  is the total mass of initial raw SS.
The ANEC indicator is defined similarly to AEC; however, NEC is used instead if energy 

consumption  (E C). This indicator is calculated using the following equation:

 
ANEC

NEC

RS

=
M

, (4)

where NEC  is the net energy consumption, calculated using eqn (1), and MRS  is the total 
mass of initial raw SS. Both AEC and ANEC indicators were advisedly used in order to 
demonstrate how the renewable energies affect the energy balance of WWTP.

3 RESULTS AND DISCUSSION
The Sankey diagram with obtained results for scenario 1 is presented in Fig. 3. It should be 
noted that the current pattern is typical for most of the WWTPs in Russia. The MDE indica-
tor, calculated with eqn (2), is 10.65%, and this is quite enough to ensure WWTP operation 
activities, nothing more. CA is transported to specially prepared landfills to remove waste 
from the territory of WWTP and to eliminate the negative impact on human health and envi-
ronment. However, all the potential energy is irrevocably lost. The energy consumption for 
PTA stage is several times higher than the one for mechanical dewatering stage. For this 
reason, the managers have to consider energy efficiency improvement as a priority goal for 
WWTP.
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Contaminated wastewater resulting from the separation of liquid and solid phases (WR1 
and WR2) is returned to the main WWT process. However, depending on the regulations, it 
can be used locally for water reclamation as a possible solution for the problem of water 
scarcity [2, 33].

The results obtained for the second scenario reveal a more advanced SS treatment and 
utilization technique as presented in Fig. 4.

The total MDE for cradle-to-grave process is 2.41%. However, it can be assumed that 
MDE is equal to 0% since the resulting dried sludge after being used at the cement kiln as a 
biofuel ceases to exist as a waste through energy and material transformation. Significant 
energy consumption can be seen at the sludge drying process, and this is very typical because 
heating up to 280°C is required. On the other hand, additional energy can be received from 
the CHP unit operation and biofuel utilization.

An analysis of the results obtained for the third scenario, which is presented in Fig. 5, 
shows that the MDE indicator for the pyrolysis/gasification process is 4.5%. The pyrolysis/
gasification end product is ash, which is an inorganic residue containing silicon dioxide, 
poorly soluble phosphates (up to 5%–6%), and heavy metal ions. It is possible to use ash as 
a complex mineral fertilizer through specific recovery methods; therefore, the MDE indicator 
can be significantly reduced.

To assess the specific performance indicators for all scenarios under consideration, MDE, 
AEC, and ANEC results were plotted on a single graph presented in Fig. 6. It can be noticed 
that the outputs of the second scenario can be highlighted for the achievement of net zero 
consumption at WWTP.

Figure 3: Energy and material Sankey diagram for scenario 1.

Figure 4: Energy and material Sankey diagram for scenario 2.
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With respect to the third scenario, it must be considered that the current gasification pro-
cess is under test operations, and nowadays, the generator gas, originating from the organic 
component of SS, is completely spent on the CA drying process. After commissioning, addi-
tional energy from the generator gas is expected. 

A similar result for scenario 3 could be obtained if an AD technique together with CHP 
unit will be introduced at WWTP in Perm. Before this point, the specific energy consumption 
for scenario 3 exceeds that for scenario 1, although the mass reduction is more efficient.

Despite the visual results, the proposed model has a number of assumptions and simplifi-
cations. The heating costs for buildings and structures serving the technological process for 
all the stages were not considered. The achievement of net zero consumption at WWTP goes 
beyond the boundaries of the research presented in this paper, as it includes energy consump-
tion for the main WWT process whereas there is practically no opportunity to generate 
energy. An extended study of this phenomenon should be carried out in future.

4 CONCLUSION
A practical application of the proposed method creates a strong but simple tool for managers 
to work on the transition toward CE view application in WWTP. All possible main flows of 
energy and materials can be taken into account and analyzed for the possibilities of creating 
recycling loops. In case of alternative SS technological solutions, this approach will help to 
determine the most sustainable option. Furthermore, the progress can be tracked toward a net 
zero consumption throughout the national benchmarking system.

Figure 5: Energy and material Sankey diagram for scenario 3.

Figure 6: Mass and energy efficiency outputs.
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