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Abstract: The efficient and timely removal of organic matter and nutrients from water used in normal
municipal functions is considered to be the main task of wastewater treatment plants (WWTPs).
Therefore, these facilities are considered to be essential units that are required to avoid pollution of
the water environment and decrease the possibility of triggering eutrophication. Even though these
benefits are undeniable, they remain at odds with the high energy demand of wastewater treatment
and sludge processes. As a consequence, WWTPs have various environmental impacts, which can be
estimated and categorized using Life Cycle Assessment (LCA) analysis. In this study, a municipal
WWTP based in Poznań, Poland, was examined using the method defined in ISO 14040. ReCiPe
Endpoint and Midpoint (v1.11), in a hierarchical approach, were used to evaluate the environmental
impacts regarding 18 different categories. All calculations were conducted using a detailed database
from 2019, which describes each chosen facility. It was found that the energy component, related
to the wastewater treatment process demand and electricity production, is the main determinant of
the sum of the environmental impact indicators in light of the modelled energy mix. Therefore, it
determines the entire process as an environmentally friendly activity.

Keywords: wastewater; municipal wastewater treatment plant; environmental footprint; life cycle
assessment; environmental effectiveness

1. Introduction

A conventional wastewater treatment (WWT) process, based on the activated sludge
method, has been considered to be an environmentally friendly action since the beginning
of the twentieth century. WWT technology development, driven by unrestrained urban
areas expansion, has successively broadened the municipal wastewater treatment plant’s
(MWWTP’s) area of operation, from achieving a better quality of treated effluents to
more advanced solutions where the used water stream is seen as a source of valuable
materials and energy. With growing awareness of the multidimensionality of today’s
large WWT facility profiles, based on the generation of various bioproducts (i.e., biosolids,
biopolimers), as well as energy production that can be levelled even higher than the plant’s
energy consumption, there are many alternatives available to improve their ecological and
economic capability [1].

Balance between resource consumption and recovery, which will ensure the maximum
possible limitation of an MWWTP’s environmental impact, is undoubtedly an indication of
the ultimate effectiveness of the facility.

Therefore, the overall efficiency of the WWT facility should be examined as a multifac-
tor problem in a complex way in order to ensure that the holistic perspective is achieved [2].
Life Cycle Assessment (LCA) is a suitable tool that can be applied in this field for the
evaluation of environmental aspects [3]. LCA allows us to compare different systems,
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products, and processes regarding the production and self-usage of energy and the ex-
traction of the raw materials included in various treatment unit combinations [4] to find
the best process scenario available [5]. Since the 1990s, different WWT topics have been
examined in several previous LCA studies [6]: plant modifications and operations [7–12],
modeling [13–19], sludge processes [11,20–22], greenhouse gas (GHG) emissions [4,23,24],
rainfall impact [6,25], and uncertainty [5,26–28].

Hence, the main goal of this paper is to estimate the overall environmental impacts
of a large WWTP based in Poznań, Poland, by the development of a data inventory.
The different approach, in comparison to previous work published [24,29–31], lies in the
provision of a detailed and widely operational WWTP database that allowed us to describe
the WWT process. In this publication, for the very first time, just such a complex LCA
analysis was conducted on a facility based in Poland. Some attempts and analyses for
Polish conditions have already been presented (see [29–31], mentioned above), but these
usually concern small installations that are utilized for domestic purposes or are mainly
based on simulation data. Moreover, in the findings described in [32], as in most of the
studies, a volume unit (m3, for example) is acquired as the functional unit, which makes a
direct comparison of the results of individual studies difficult.

2. Materials and Methods
2.1. WWTP Description

The municipal WWTP in this study is located in Kozieglowy, on the right bank of the
Warta river, nearby Poznań, the capital city of the Greater Poland region. It is called the
Central WWTP (CWWTP). The facility treats wastewater originating from Poznań and the
neighboring settlements at a volume of ca. 100,000 m3 and 1,000,000 population equivalent
(PE) based on Biochemical Oxygen Demand (BOD) per day (2019 data). The processing
method used to achieve the required standards of wastewater effluent, discharged to the
Warta river, is based on biological nutrient removal (BNR) via activated sludge held in
modified Bardenpho system bioreactor chambers (6 × 25,500 m3) with secondary clarifiers
(6 × 9500 m3), preceded by screenings and mechanical separation of solids suspended in
the raw used water stream, maintained in aerated horizontal grit traps followed by circular
preliminary settling tanks (4 × 6500 m3).

Gravitationally thickened primary sludge ((PS); 5% dry solids (DS)) and waste acti-
vated sludge ((WAS); 6% DS), conditioned via belt compactor application as a side-products
of the WWT process, both with high bio-potential, are mixed together in the proportion 2:1
and delivered to feed anaerobic digesters (ADs). This contributes to an organic loading rate
of 1.7 kg vs. m−3d−1 (i.e., added per reactor volume; 6 × 4960 m3). There, in mesophilic
conditions of ca. 35 ◦C with 26 days of average sludge retention time, biogas is constantly
produced in the volume of 21,250 m3, daily. While pre-treated bio-methane, captured
within the process at the level of 64% concentration in the raw stream, is transferred via
generating sets into electricity, the digestate (3% DS), after being buffered for gas stripping
in the tanks (6 × 500 m3), is dewatered in centrifuges (23% DS) for final disposal, which is
carried out outside the plant system boundaries alongside other WWT by-products such as
separated grit and compacted screenings. Two of the buffer tanks mentioned are dedicated
to the digested sludge pumped to the CWWTP from another facility, the left river bank
WWTP (LWWTP). The main wastewater and sludge characterizations of the CWWTP in
Poznań, Koziegłowy, is included in Tables 1 and 2.

In order to guarantee the stability of phosphorus removal during the winter season,
an aqueous solution of iron (III) sulphate (PIX113) is dosed periodically up to the level of
P-precipitation need. The PIX113 used in the biological part of the WWTP in Koziegłowy is
also used to prevent struvite crystallization in digestate transportation lines in combination
with other antiscalant agents. To maintain the best environment for flocculation during
thickening and dewatering, different chosen polyelectrolyte solution complexes are used.
Facilitation of the final sludge, collected from centrifuges, is provided by using a polymer
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solution. During intensive fermentation periods, antifoaming supplements are dosed. All
these chemical agents were taken into consideration during the analysis (see Section 2.2.3).

Table 1. Operation parameters of the Central Wastewater Treatment Plant (CWWT) in Poznań,
Koziegłowy, 2019—wastewater characterization.

Parameter Value Units

Capacity
Population (served in 2019) 920,471 PE (1)

Population (maximum designed) 958,000 PE

wastewater treatment plant (WWTP) Inflow
Mean daily (2019, average) 100,832 m3 day−1

WWTP flow (maximum designed) 200,000 m3 day−1

Peak flow (2019) 149,792 m3 day−1

Peak flow (maximum designed) 260,000 m3 day−1

Organic Pollution Loading and Concentration (2019—average)
BOD5

(2)—influent 594 g m−3

60,000 kg day−1

(designed) 57,500 kg day−1

BOD5—effluent 3.7 g m−3

BOD5—maximum required limit 15.0 g m−3

COD (3) 1239 g m−3

138,000 kg day−1

(designed) 125,000 kg day−1

COD—effluent 49.9 g m−3

COD—maximum required limit 125.0 g m−3

Total Suspended Solids (TSS) 571 g m−3

57,670 kg day−1

(designed) 60,000 kg day−1

TSS—effluent 6.4 g m−3

TSS—maximum required limit 35.0 g m−3

Total Nitrogen (TN) 103 g m−3

10,400 kg day−1

(designed) 11,000 kg day−1

TN—effluent 9.4 g m−3

TN—maximum required limit 10 g m−3

Total Phosphorus (TP) 7 g m−3

1515 kg day−1

(designed) 1400 kg day−1

TP—effluent 0.6 g m−3

TP—maximum required limit 1.0 g m−3

(1) PE—population equivalents based on daily BOD5 load; 1 PE = 60gO2d−1; (2) BOD5—Biochemical Oxygen
Demand [gO2 m−3]; (3) COD—Chemical Oxygen Demand [gO2 m−3].
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Table 2. Operation parameters of the CWWTP in Poznań, Koziegłowy, 2019—sludge characterization.

Parameter Value Units

Thickened PS (2019—average)
Volume 960 m3 day−1

Dry solids content 5.2 %DS
Organic matter as % of dry solids content 76.6 %

Thickened WAS (2019—average)
Volume 480 m3 day−1

Dry solids content 5.7 %DS
Organic matter as % of dry solids content 78.6 %

Digestate (2019—average)
Volume 1540 m3 day−1

Dry solids content 3.0 %DS
Organic matter as % of dry solids content 63.3 %

Dewatered Sludge (2019—average)
Volume (calculated) 190 m3 day−1

Dry solids content 22.8 %DS
Organic matter as % of dry solids content 69.2 %

Configuration of the main wastewater treatment technology practiced in the CWWTP,
Poznań, Koziegłowy, is presented in Figure 1.
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2.2. Methods
2.2.1. Background

Analysis of the environmental impacts carried out in accordance with the Life Cycle
Assessment (LCA) methodology is the main part of the research material. This method is
defined in detail in ISO 14040 as the process of evaluating the effects that a product (or, in
this case, a process) exerts on the environment throughout its entire life, by increasing the
efficient use of resources and reducing the burden on the environment (liabilities). LCA
is regarded as a “from cradle to grave” analysis. This method is more widely defined in
many source publications. J. Fava [33] describes it as a technique aimed at assessing the
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environmental hazards associated with a product system or operation, both by identifying
and quantifying the materials and energy used and the waste released into the environment,
as well as assessment of the environmental impact of these materials, energy, and waste. It
covers the entire life cycle of a product or activity, from the extraction and processing of
mineral resources, product manufacturing processes, distribution, use, re-use, maintenance,
recycling, and end-use, along with transportation. The purpose of the LCA is the study of
the environmental impacts of manufacturing systems on the ecosystem, human health, and
used resources. W. Klöpfer [34] states that the basic idea of the LCA is that the environmen-
tal burden associated with a product or service is assessed in terms of the cycle of material
acquisition to final disposal. In this sense, the term “LCA life cycle assessment” is more
precise than the German “Ökobilanz” or the French “ecobilan”, meaning eco-balance. The
main idea is undoubtedly correct, and the LCA is the only environmental assessment tool
that avoids (false) positive assessment results due to migration/displacement of various
types of impacts. The LCA methodology is consistent with the principles and guidelines of
ISO 14040: 2006 [35] and ISO 14044: 2006 [36], and it consists of four main steps: defining
goal and scope, inventory analysis, impact assessment, and interpretation. The internal
modelling involves the following steps [37]:

• Selection and definition of impact categories: The purpose of this step is to select
the impact categories that will be considered as part of the overall LCA. It should be
completed as part of the initial goal and scope definition phase to guide the LCI (Life
Cycle Inventory) data collection process and requires reconsideration following the
data collection phase. The items identified in the LCI have potential human health
and environmental impacts;

• Classification: Its purpose is to organize and possibly combine the LCI results into
impact categories. For LCI items that contribute to only one impact category, the
procedure is a straightforward assignment. For example, carbon dioxide emissions
can be classified into the global warming category;

• Characterization: This step uses science-based conversion factors, called characteriza-
tion factors, to convert and combine the LCI results into representative indicators of
impacts on human and ecological health. Characterization factors are also commonly
referred to as equivalency factors. Characterization provides a way to directly com-
pare the LCI results within each impact category. In other words, characterization
factors translate different inventory inputs into directly comparable impact indicators;

• Normalization: This is an LCIA (Life Cycle Impact Assessment) tool used to express
impact indicator data in a way that can be compared between impact categories. This
procedure normalizes the indicator results by dividing by a selected reference value;

• Grouping: This step assigns impact categories into one or more sets to better facilitate
the interpretation of the results into specific areas of concern;

• Weighting: This is sometimes also referred to as valuation of an LCIA, and it assigns
weights or relative values to the different impact categories based on their perceived
importance or relevance. Weighting is important because the impact categories should
also reflect study goals and stakeholder values.

ReCiPe Endpoint and Midpoint in version 1.11, in a hierarchical approach (H) were
used in this analysis for the calculation procedures in order to estimate the environmental
impacts. The Endpoint version was chosen to determine the general trends related to
the proportions of the size of the environmental impacts of individual treatment process
components listed in Section 2.1. The Midpoint version was used to determine the absolute
size of the environmental loads for the individual components of the treatment process,
within the impact categories specified in the method. The ReCiPe procedure is one of the
latest and most widely used life cycle assessment practices. It has been defined with a
detailed breakdown into the impact categories at work [37], and its last methodological
modifications are described in the paper [38].
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A complete list of impact categories includes:

• Climate change—unit: kg CO2 eq;
• Ozone depletion—unit: kg CFC-11 eq;
• Terrestrial acidification—unit: kg SO2 eq;
• Freshwater eutrophication—unit: kg P eq;
• Marine eutrophication—unit: kg N eq;
• Human toxicity—unit: kg 1,4-DB eq;
• Photochemical oxidant formation—unit: kg NMVOC eq;
• Particulate matter formation—unit: kg PM10 eq;
• Terrestrial ecotoxicity—unit: kg 1,4-DB eq;
• Freshwater ecotoxicity—unit: kg 1,4-DB eq;
• Marine ecotoxicity—unit: kg 1,4-DB eq;
• Ionizing radiation—unit: kBq U235 eq;
• Agricultural land occupation—unit: m2a;
• Urban land occupation—unit: m2a;
• Natural land transformation—unit: m2;
• Water depletion—unit: m3;
• Metal depletion—unit: kg Fe eq;
• Fossil fuel depletion—unit: kg oil eq.

In the description of the analytical procedure, zero values of standardization factors
were found for the impact category “water depletion”; therefore, it is not included in the
final evaluation at the weighting stage (ReCiPe Endpoint).

2.2.2. Goal and Scope of Analysis
Definition of the Analysis Goal

The aim of the analysis was to assess the environmental impact of the process of
wastewater stream management in the period under consideration (January–December
2019) compared to the “baseline” process, as implemented at the CWWTP in the period
under consideration.

Functional Unit

The volume of wastewater managed during the reference year (2019), broken down into
individual months, was assumed to be the functional unit. This volume was 38,325,867 m3.
Changes in the volume of the managed wastewater in particular months are shown in Figure 2.
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System Boundaries, Assumptions and Limitations

Based on the data provided (limited to 2019), a model of the wastewater treatment
system was proposed. It is assumed that a stream of raw sewage is directed to the treatment
system and, after passing through all stages of the technological process, is directed to
a receiver (environment) as a stream of treated wastewater. The treatment process itself
was assumed to be indivisible due to the fact that it is not possible to include division into
individual treatment stages in the analysis (the input data are not grouped in this way).
Therefore, only parameters of process input and output streams were modelled (Figure 3).

Energies 2021, 14, x FOR PEER REVIEW 7 of 32 
 

 

Therefore, only parameters of process input and output streams were modelled (Figure 
3). 

 
Figure 3. Model boundaries. 

In Figure 3, the process inputs are the raw wastewater stream at the plant’s input, 
electrical power fed to the treatment system from external sources, and additional (chem-
ical) substances used in the used water treatment process. Process outputs are divided 
into two groups: 
1. As sources of environmental loads adopted: (a) A treated wastewater stream that, 

although characterized by significantly lower values of the analyzed parameters de-
termining the harmfulness of the wastewater (concentrations), still contains sub-
stances that have a negative impact on the environment; (b) The so-called “screen-
ings”, i.e., macro-pollutants separated by means of mechanical separators (screens), 
which were not taken into account at all in the preliminary analysis and at this stage 
were treated as waste to be treated; and (c) Sewage sludge, which is then directed to 
anaerobic digesters and serves to produce the methane-rich biogas, which is next 
used to produce the energy used in the process of wastewater treatment; this way of 
generating energy and its use in the process of wastewater treatment also has a neg-
ative environmental impact (e.g., emissions during biogas combustion, etc.), 

2. As sources of the indirect environmental benefits: (a) Grit (mineral by-products that 
consists mostly of sand collected from the streets), recovered from the mechanical 
separation processes and treated as a product for later release and use; (b) The 
avoided impacts resulting from differences in the values of standardized parameters 
characterizing wastewater streams, raw and treated; and (c) the amount of avoided 
environmental impacts resulting from the production of energy from the plant’s own 
sources, which in turn allows for the avoidance of consumption of an equivalent 
amount of energy from external sources. 
Thus, such a structure of the inputs and outputs was conditioned by the structure of 

the data; no intermediate data from successive steps in the wastewater treatment process 
is available. 

Wastewater streams (at process input and output) were modelled based on a set of 
standardized parameters characterizing wastewater streams, including: 
• COD; 
• BOD5; 

Figure 3. Model boundaries.

In Figure 3, the process inputs are the raw wastewater stream at the plant’s input,
electrical power fed to the treatment system from external sources, and additional (chemi-
cal) substances used in the used water treatment process. Process outputs are divided into
two groups:

1. As sources of environmental loads adopted: (a) A treated wastewater stream that,
although characterized by significantly lower values of the analyzed parameters deter-
mining the harmfulness of the wastewater (concentrations), still contains substances
that have a negative impact on the environment; (b) The so-called “screenings”, i.e.,
macro-pollutants separated by means of mechanical separators (screens), which were
not taken into account at all in the preliminary analysis and at this stage were treated
as waste to be treated; and (c) Sewage sludge, which is then directed to anaerobic di-
gesters and serves to produce the methane-rich biogas, which is next used to produce
the energy used in the process of wastewater treatment; this way of generating energy
and its use in the process of wastewater treatment also has a negative environmental
impact (e.g., emissions during biogas combustion, etc.),

2. As sources of the indirect environmental benefits: (a) Grit (mineral by-products that
consists mostly of sand collected from the streets), recovered from the mechanical
separation processes and treated as a product for later release and use; (b) The
avoided impacts resulting from differences in the values of standardized parameters
characterizing wastewater streams, raw and treated; and (c) the amount of avoided
environmental impacts resulting from the production of energy from the plant’s own
sources, which in turn allows for the avoidance of consumption of an equivalent
amount of energy from external sources.

Thus, such a structure of the inputs and outputs was conditioned by the structure of
the data; no intermediate data from successive steps in the wastewater treatment process
is available.
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Wastewater streams (at process input and output) were modelled based on a set of
standardized parameters characterizing wastewater streams, including:

• COD;
• BOD5;
• total suspended solids (TTS);
• total nitrogen (TN);
• total phosphorus (TP);
• arsenic;
• chromium;
• zinc;
• cadmium;
• copper;
• nickel;
• lead;
• mercury;
• silver;
• vanadium;
• total organic carbon;
• anionic surfactants;
• substances extracted with petroleum ether;
• phenolic index;
• mineral oil index (C10-C40);
• chlorides;
• sulfates;
• silicon.

Thickening agents and flocculants, dehydrating and anti-foaming agents, and an-
tiscalants (substances preventing struvite formation) have been adopted as additional
(chemical) substances, as presented in the breakdown of trade names and quantities of
consumed chemical substances. For the purposes of modelling environmental loads related
to energy consumption, a profile of electricity production (consumed from the power grid
for the purposes of purification processes) was also adopted based on data on the Polish
electricity mix for 2019, according to data from PSE (Polish Power Grids). The share of
individual energy sources in the mix is shown in Figure 4. This distribution represents the
national average.
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The data provided show that most of the electrical power used in the wastewater
treatment processes came from the company’s own sources. A quantitative breakdown of
the energy consumed for these purposes in 2019 is presented in Table 3.

Table 3. Electricity consumption at the CWWTP in 2019, broken down by sources.

Month
Energy

Consumption—TOTAL
Energy

Consumption—from
External Source

Energy
Consumption—Produced

from Biogas
Covered from
Own Source

kWh kWh kWh %

January 1,991,072 709,481 1,281,591 64
February 1,965,577 755,487 1,210,090 62

March 2,091,587 755,744 1,335,843 64
April 1,735,742 396,503 1,339,239 77
May 1,770,691 441,140 1,329,551 75
June 1,618,724 405,659 1,213,065 75
July 1,585,674 342,897 1,242,777 78

August 1,497,973 158,677 1,339,296 89
September 1,515,407 259,723 1,255,684 83

October 1,720,319 416,944 1,303,375 76
November 1,719,799 503,319 1,216,480 71
December 1,723,640 599,645 1,123,995 65

Average 1,744,684 478,768 1,265,916 73
TOTAL 20,936,205 5,745,219 15,190,986

2.2.3. Life Cycle Inventory (LCI)
Process Inputs

In the period under analysis, the total wastewater flow through the plant was, as
already mentioned in Section 2.2.2 of this study, 38,325,867 m3, broken down into individual
months, as shown in Figure 2, and all consumption figures for individual utilities and
materials refer to them as reference figures.

As already mentioned, wastewater streams are described with a set of standardized
parameters. Their values for raw wastewater streams at the treatment process input are
presented in Table 4.

Table 4. Actual concentration values of standardized parameters in raw wastewater in 2019.

Month

Pollutant Concentration

g m−3

COD BOD5 TSS TN TP

January 1326.9 468.7 688.7 98.2 14.6
February 1258.8 548.4 537.1 111.9 17.1

March 1288.6 567.5 682.7 98.9 13.5
April 1254.0 505.5 631.2 113.4 15.4
May 971.1 458.8 371.0 96.9 13.4
June 1144.0 477.2 581.7 99.3 14.3
July 1213.7 531.5 608.9 104.7 14.0

August 1428.1 681.5 667.5 109.8 17.4
September 1231.3 579.6 518.8 104.2 16.1

October 1245.9 557.5 443.7 99.2 14.2
November 1241.0 621.4 531.4 92.0 13.9
December 1263.5 595.0 588.3 104.3 19.0

Average 1238.9 549.4 570.9 102.7 15.2

Table 5 presents the values of concentrations of additional substances analyzed in raw
wastewater.



Energies 2021, 14, 356 10 of 29

Table 5. Actual concentrations of additional substances parameters in raw wastewater in 2019.

Parameter

Pollutant Concentration

g m−3

I II III IV V VI VII VIII IX X XI XII

Arsenic 0.0068 0.0019 0.0017 0.0030 0.0016 0.0022 0.0021 0.0022 0.0016 0.0013 0.0020 0.0002
Chrome 0.0160 0.0120 0.0190 0.0210 0.0130 0.0120 0.0170 0.0330 0.0260 0.0490 0.0170 0.0060

Zinc 0.2800 0.1800 0.0350 0.2800 0.2000 0.2700 0.2300 0.3900 0.2000 0.3700 0.3700 0.0270
Cadmium 0.0005 0.0000 0.0059 0.0002 0.0002 0.0002 0.0001 0.0002 0.0000 0.0002 0.0002 0.0000

Copper 0.1700 0.0900 0.0960 0.0850 0.0830 0.1100 0.1100 0.1500 0.0690 0.1000 0.0840 0.0180
Nickel 0.0440 0.0250 0.0500 0.0330 0.0240 0.0170 0.0150 0.0370 0.1600 0.0580 0.0000 0.0043
Lead 0.0046 0.0030 0.0130 0.3700 0.2700 0.0390 0.0550 0.0600 0.0100 0.0410 0.0260 0.0011

Mercury 0.0005 0.0006 0.0003 0.0009 0.0004 0.0002 0.0005 0.0008 0.0003 0.0002 0.0001 0.0002
Silver 0.0016 0.0007 0.0007 0.0016 0.0013 0.0020 0.0006 0.0022 0.0004 0.0055 0.0029 0.0002

Vanadium 0.0013 0.0008 0.006 0.0016 0.0007 0.0020 0.0014 0.0027 0.0017 0.0013 0.0013 0.0001
Total organic

carbon—TOC * 245.000 x x 174.000 x x 156.000 x x 88.800 x x

Anionic surfactants * 2.5600 x x 1.6200 x x 2.0500 x x 0.0700 x x
Substances that extract
with petroleum ether * 76.0000 x x 69.2000 x x 58.0000 x x 27.6000 x x

Phenol index 0.1800 0.1900 0.1600 0.2600 0.1700 0.1600 0.4400 0.1000 0.1100 0.1200 0.1200 0.1200
Mineral oil index

(C10-C40) * 0.3200 x x 0.3100 x x 0.2200 x x 0.2300 x x

Chlorides 245.00 216.00 225.00 263.00 321.00 227.00 413.00 173.00 235.00 215.00 211.00 232.00
Sulphates 126.00 109.00 121.00 126.00 121.00 144.00 93.00 88.00 122.00 129.00 139.00 120.00
Silicon * 8.5000 x x 10.0000 x x 8.1000 x x 9.3000 x x

* Parameters tested on a quarterly basis.

The structure of electricity consumption in individual months by source is given in
Table 3. It shows that, for the total amount of almost 21 GWh of electricity consumed in
2019, the production from the plant’s own sources (combustion of biogas generated from
waste sludge) covered, on average, almost 3

4 of the demand, fluctuating at around 62–89%.
As a result of adopting the assumption described in Section 2.2.2, the amount of electricity
drawn from the municipal grid was assumed to be the process input.

The implementation of treatment processes requires the supply of an appropriate
amount of chemical substances that boost the technological processes. Their consumption
in the reference period is presented in Table 6.

Table 6. Consumption of chemical agents for the needs of wastewater treatment in 2019.

Month

Chemical Agents

Thickening
Agent

Dewatering
Agent

I—CWWTP

Dewatering
Agent

I—LWWTP
Anti-Foam

Agent
PIX113 (P-

Percipitation)
PIX113 (An-

tiscalant)
Anti-Scalant

I
Anti-Scalant

II

kg mth−1 dm3 mth−1 dm3 mth−1 dm3 mth−1 dm3 mth−1 dm3 mth−1 cm3 mth−1 dm3 mth−1

January 5937.6 7157.9 22,789.3 682.0 18,400.0 29.2 762.0 0.0
February 3653.8 5140.8 17,105.2 0.0 74,957.0 22.3 551.0 550.0

March 4824.4 4318.3 18,600.0 0.0 88,650.0 24.4 621.0 0.0
April 5290.8 6360.0 18,348.0 0.0 90,425.0 24.2 617.0 100.0
May 6596.0 6398.4 20,280.2 0.0 2587.0 25.4 637.0 200.0
June 4219.0 6375.0 19,038.0 0.0 0.0 22.3 543.0 325.0
July 5281.3 5598.6 23,197.3 0.0 4995.0 25.2 726.0 0.0

August 6179.0 6014.0 21,669.0 0.0 8150.0 26.0 901.0 0.0
September 5012.6 9984.0 18,300.0 0.0 3449.0 26.4 1057.0 0.0

October 3869.7 7257.1 17,756.8 0.0 8306.0 22.4 931.0 0.0
November 5905.9 7431.0 18,924.0 600.0 18,685.0 41.7 993.0 0.0
December 6736.0 5908.6 25,482.0 620.0 25,322.0 24.6 1285.0 0.0

Average 5292.2 6495.3 20,124.2 158.5 28,660.5 26.2 802.0 97.9
TOTAL 63,506.1 77,943.7 241,489.8 1902.0 343,926.0 314.2 9624.0 1175.0

Process Outputs

The output wastewater stream was characterized by base parameters with values
presented in Table 7.
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Table 7. Actual concentration values of standardized parameters in treated wastewater in 2019.

Month

Pollutant Concentration

g m−3

COD BOD5 TSS TN TP

January 51.0 4.1 5.6 8.0 0.9
February 70.7 5.4 13.2 9.6 1.5

March 72.5 6.6 14.2 9.9 1.3
April 69.4 4.7 13.8 10.4 0.6
May 43.3 3.3 4.3 10.4 0.2
June 52.0 3.0 4.2 8.9 0.3
July 40.4 2.7 3.8 9.0 0.3

August 40.5 3.3 3.9 10.4 0.4
September 42.0 3.1 3.6 10.4 0.3

October 41.1 3.1 4.7 9.3 0.4
November 36.4 2.2 2.6 8.7 0.3
December 39.3 2.7 3.1 7.7 0.3

Average 49.9 3.7 6.4 9.4 0.6

Table 8 presents the values of concentrations of additional substances analyzed in
treated wastewater.

As already mentioned in Section 2.2.2 of this study, in the analysis, the indirect
environmental benefit of reducing the level of environmental loads as a result of the
reduction of basic values and additional parameters analyzed for wastewater streams, and
modelled as input, was assumed. These impacts were included in the model as “avoided”
and were treated as an environmental benefit. Their magnitude results directly from
the difference between the levels of standardized parameters characterizing the input
wastewater streams (raw wastewater) and the output (treated wastewater discharged to a
receiver) of the wastewater treatment process.

Moreover, grit and screenings (residues from mechanical separation) are also included
as outputs from the treatment processes, and their quantities in the individual months of
2019 are given in Table 9.

Table 8. Actual concentration values of additional substances in treated wastewater in 2019.

Parameter
Pollutant Concentration

mg dm−3

I II III IV V VI VII VIII IX X XI XII

Arsenic 0.0027 0.0011 0.0012 0.0022 0.0008 0.0010 0.0009 0.0006 0.0011 0.0009 0.0010 0.0001
Chrome 0.0018 0.0031 0.0022 0.0030 0.0012 0.0017 0.0017 0.0016 0.0016 0.0011 0.0003 0.0003

Zinc 0.0420 0.0350 0.0480 0.0310 0.0150 0.0760 0.0310 0.0540 0.0370 0.0300 0.0250 0.0093
Cadmium 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Copper 0.0040 0.0047 0.0023 0.0170 0.0130 0.0130 0.0230 0.0120 0.0180 0.0062 0.0058 0.0008
Nickel 0.0450 0.0210 0.0200 0.0160 0.0120 0.0130 0.0120 0.0230 0.1200 0.0150 0.0000 0.0028
Lead 0.0007 0.0002 0.0010 0.0096 0.0120 0.0120 0.0033 0.0020 0.0000 0.0000 0.0000 0.0001

Mercury 0.0000 0.0003 0.0001 0.0001 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Silver 0.0002 0.0001 0.0060 0.0000 0.0005 0.0013 0.0000 0.0002 0.0000 0.0055 0.0025 0.0002

Vanadium 0.0004 0.0005 0.0002 0.0002 0.0003 0.0005 0.0005 0.0002 0.0007 0.0006 0.0005 0.0000
Total organic

carbon—TOC * 13.500 x x 14.300 x x x x x x

Anionic surfactants * 0.2100 x x 0.3200 x x 0.2100 x x 0.0100 x x
Substances that extract
with petroleum ether * 1.0000 x x 1.2000 x x 1.4000 x x 1.2000 x x

Phenol index 0.0096 0.0152 0.0044 0.0088 0.0324 0.0324 0.1360 0.0072 0.0044 0.0100 0.0080 0.0084
Mineral oil index

(C10-C40) * 0.1800 x x 0.1000 x x 0.1300 x x 0.1500 x x

Chlorides 165.00 199.00 212.00 208.00 192.00 179.00 214.00 228.00 222.00 208.00 207.00 193.00
Sulphates 120.00 139.00 126.00 168.00 146.00 148.00 133.00 152.00 147.00 144.00 138.00 122.00
Silicon * 7.1000 x x 7.9000 x x x x x x

* Parameters tested on a quarterly basis.
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Table 9. Amounts of products recovered after mechanical separation in 2019.

Month
Grit Screenings

Mg mth−1 Mg mth−1

January 98.9 57.8
February 92.4 41.9

March 105.9 48.2
April 154.1 42.5
May 195.6 56.8
June 169.7 42.8
July 173.3 31.4

August 145.4 33.5
September 191.3 38.8

October 179.1 35.6
November 248.2 57.2
December 129.6 56.7
Average 156.9 45.3

TOTAL 1883.4 543.1

Sludge is also treated as an output from the processes. Its total quantity, resulting
from dewatering, in 2019 was 562,310 m3. The breakdown into individual months is shown
in Table 10.

This sludge is provided from the anaerobic digesters (ADs), where biogas is obtained
and used as fuel in energy processes. In 2019, about 7,755,000 m3 of biogas was produced,
out of which just over 15 GWh of electricity was generated. This energy input is then fed
into the wastewater treatment processes and, in our model, it has been treated as:

1. Electricity produced from ADs taking into account the environmental costs (emissions
during production and combustion);

2. Electricity, whose consumption from the grid has been avoided, together with the
environmental loads associated with its generation in accordance with the Polish
electricity mix, as shown in Figure 4.

No other sewage sludge treatment options have been considered in this modelling phase.
As has been previously mentioned, the main limitations of the analysis are related to

the time constraints (2019), the process model adopted (no intermediate data available),
generalization of the sources of energy supported from the grid (Polish energy mix), and
exclusion of sludge (mixture of dewatered PS and WAS) digestation, other than for use in
internal energy production processes.

Table 10. Amount of wastewater sludge processed in 2019.

Month
Digestate for

Dewatering—CWWTP
Digestate for

Dewatering—LWWTP TOTAL

m3 mth−1 m3 mth−1 m3 mth−1

January 46,291.0 9126.0 55,417
February 33,937.0 4998.0 38,935

March 39,868.0 7289.0 47,157
April 41,167.0 9697.0 50,864
May 40,948.0 8131.0 49,079
June 33,285.0 8787.0 42,072
July 37,963.0 7144.0 45,107

August 39,649.0 7245.0 46,894
September 40,673.0 8100.0 48,773

October 38,783.0 7570.0 46,353
November 34,969.0 7254.0 42,223
December 40,669.0 8767.0 49,436

Average 39,016.8 7842.3 46,859.2

TOTAL 468,202.0 94,108.0 562,310.0
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3. Results—Life Cycle Impact Assessment (LCIA)
3.1. Overall Results—Comparison of Environmental Impacts for Process Inputs and Outputs

The results of environmental calculations for the wastewater treatment process at
the CWWTP were first analyzed using a point scale (ReCiPe Endpoint (H) V.1.11/Europe
ReCiPe H/A/Single score) to determine:

(a) Aggregate values of total environmental impact indicators for the process under con-
sideration in terms of (1) inputs (supplied resources) into the process and (2) outputs
(received resources and environmental benefits) from the process;

(b) Distribution of environmental impacts in individual months of the analyzed period
(separately for inputs and outputs);

(c) Detailed determinant(s) of environmental costs and benefits.

Figure 5 shows the values of the total environmental impact indicators for general
inputs and outputs of the wastewater treatment process. The list shows that the impacts
of the inputs to the wastewater treatment process are actually loads (a positive value
of the environmental impact indicator is recorded), while the impacts of the outputs
from the wastewater treatment process are environmental benefits (negative value of the
environmental impact indicator). Moreover, the figure shows the general environmental
impact profile of the process inputs and outputs. It should be noted that the overall profile
is dominated by impacts related to human health (almost 45% of the total for process inputs
and just over 41% of the total for process outputs). Impacts related to resource depletion
account for 29% of the total for process inputs and 33% of the total for process outputs.

When breaking down the damage categories into individual impact categories (de-
tailed profile, Figure 6), it can be seen that a significant part of the impacts (almost 42% for
process inputs and more than half for process outputs) is related to climate change (these
impacts, according to the adopted calculation procedure, ReCiPe, are broken down into
damage to human health and ecosystems). A significant share of impacts is associated with
the depletion of fossil fuel resources (about 30% in the case of inputs and outputs) as well
as burdens associated with human toxicity and the formation of particulate matter. Such
a structure of both profiles is clearly indicative of the dominance of the energy intensive
processes based on an energy mix typical for the combustion of fossil solid fuels.
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Figure 7 presents the monthly distribution of total environmental impact indicators
related to inputs to the wastewater treatment process. The breakdown shows that a
significantly higher level of environmental loads is generated in the winter months and
early spring (December–January). As the temperature rises in the following months, the
level of loads connected to the process inputs decreases to reach the lowest values in
the summer months (July–September). The general environmental impact profile for
the breakdown of environmental impacts associated with inputs to the WWT process in
individual month is also shown. Constant levels in the relationships between the different
categories in the profiles can be observed. The general profile is dominated by impacts
related to influence on the human health (41–49%); impacts within the other damage
categories are lower: resource depletion 25–41% and ecosystem quality 24–33%.

The detailed profile of environmental impacts associated with wastewater treatment
process inputs in individual months (Figure 8) is dominated by the burdens related to
climate change (in terms of emissions of substances harmful to human health and ecosys-
tems), depletion of fossil fuel resources and human toxicity. As already mentioned, this
distribution of impact profiles is indicative of the decisive influence of the energy-intensity
component.

Figure 9 shows the monthly distribution of total impact indicators related to outputs
from the wastewater treatment process. Above all, please note that the indicators take
negative values, which is equivalent to the potential environmental benefits from the
implementation of this process. Besides, the behavior of indicator values in individual
months is much more similar than for input entrances (the differences merely achieve 17%,
while, for inputs, a three-fold difference was observed). What is more, the differences
in the indicator values are not correlated to the season of the year (total indicators take
the lowest values in December, February, and June, and the highest values are in April,
May, and August). Additionally, for the general and detailed environmental profiles of
wastewater outputs shown in Figures 9 and 10, a behavior analogous to that described in
Figures 7 and 8 can be observed in individual months with the predominant mix-based
energy consumption component, in which fossil fuels play a significant role.
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3.2. Components of Environmental Impacts for Inputs and Outputs of the Wastewater Treatment
Process

Characteristics of environmental impacts for individual components of the wastewater
treatment process at the CWWTP (data for 2019) are presented below, grouped by inputs
and outputs of the wastewater treatment process, in general, without a breakdown into
data from individual months. It can be seen that the environmental impacts for the process
inputs take positive values (they are thus environmental burdens), and for the process
outputs they appear as negative values (thus being a manifestation of environmental
benefits).

3.2.1. Components of Environmental Impacts for Inputs to Treatment Processes

Figure 11 shows the total values of environmental impact indicators for individual
inputs to the wastewater treatment process. As already described in Section 2.2.2, it is
assumed that the process inputs include the used water stream at the inflow to the process
along with its characteristic values of loads, concentrations, quantities of the relevant
additional analyzed substances, chemical agents supplied to the process to ensure its
correct implementation, and electricity supplied to the process from external sources (from
the municipal grid, generated based on the energy mix given in Figure 4).

From the general data presented in Figure 11, it can be seen that the consumption
of energy from external sources is characterized by the highest values of environmental
impact indicators. As mentioned in Section 2.2.2, consumption of electricity from external
sources for the process needs ranged from 11 to 38% (depending on the month, being
the highest in February and the lowest in August), which translated into consumption
of about 5.75 GWh from the grid. With the assumptions resulting from the structure of
the energy mix, such an amount translates into an environmental impact indicator of just
over 500 kPt. The remaining input components have indicators with much lower values
(pollutant loads in wastewater at the inlet with slightly over 90 kPt and total chemicals
with less than 30 kPt). A decomposition of the general environmental impact indicator
values for WWT inputs broken into individual damage categories (general profile) and
into impact categories (detailed profile, Figure 12) is also shown. Significant differences in
the behavior of profiles for the main process input components can be observed. The shape
of the environmental impact profiles characterizing the electricity generated on the basis
of the mix presented in Figure 4 is described in Section 3.1. Burdens associated with the
impact on climate change dominate (in terms of human health and ecosystems). Moreover,
the contribution of burdens associated with the depletion of fossil fuel resources is also
noticeable.

A different environmental impact profile pattern can be observed for the remaining
process inputs. For the wastewater stream at process input (characterized by the parameters
described in Section 2.2.3), some of the environmental burdens relevant for the ReCiPe
procedure were not observed at all (e.g., no impacts were found under the resources
depletion-related damage category and for several other impact categories). The dominant
burdens are those related to impacts on the (quality of) ecosystems (especially in terms
of aquatic eutrophication) and impacts on human health (notably by emissions of toxic
substances).

What can be observed in the behavior of the environmental impact profiles related
to the use of chemicals in wastewater treatment; there is a very strong dominance of
burdens resulting from the depletion of fossil fuel resources (almost 2/3 of the total impact),
climate change directly affecting human health (about 15%), and ecosystems (about 9%).
Such behavior of environmental impact profiles is characteristic for the dominant share of
substances originating from the chemical industry (especially the petrochemical branch).
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3.2.2. Components of Environmental Impacts for Outputs from Treatment Processes

Similarly, as for the information presented above, Figure 13 presents the general val-
ues of environmental impact indicators and the general environmental impact profiles for
wastewater treatment outputs. As presented in Section 2.2.3, the stream of treated wastew-
ater directed to the receiver (environment), grit and screenings as derivatives of mechanical
and physical separation, and energy produced on the basis of the plant’s own sources
(combustion of biogas produced in the anaerobic digesters (ADs) during sewage sludge
digestion) were assumed to be direct process outputs. “Avoided” environmental impacts
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have also been assumed to be indirect outputs: reduction of concentrations (characteristic
parameters) of substances (the difference between the concentrations at the process input
and output) and emissions avoided as a result of energy production from own sources, and
consequently avoidance of the corresponding energy consumption from external sources
(produced on the basis of the mix shown in Figure 4).

It can be seen that all direct outputs (except grit) are characterized by positive (and
therefore harmful from the environmental point of view) values of impact indicators. This
state of affairs is commented fully in Section 4, with an emphasis on the reasons and
consequences.

Negative values of environmental impact indicators (reflecting environmental benefits)
mainly result from “avoided” emissions (directly by the reduction of concentrations and
indirectly by avoiding electricity consumption).

Regarding the general and detailed (Figure 14) environmental impact profiles of WWT
outputs, some of the profile components have already been discussed (e.g., wastewater
concentrations and electricity produced based on the mix shown in Figure 4). It should be
noted that the shape of the environmental impact profiles for energy produced based on
sewage sludge fermentation in the SFC differs to some extent from the shape of impact
profiles for energy generated based on the Polish energy mix. Compared to this, the
environmental impact profiles for energy produced based on the plant’s own sources
exhibits a significantly lower share of impacts related to climate change (in both aspects)
and depletion of fossil fuel resources, while the share of impacts related to the emission of
substances toxic to humans (from 8 to 19% of the total) and formation of particulate matter
(from 8 to 14% of the total) increases.

The environmental impact profiles for mechanically separated solid waste (screenings,
grit) are dominated by impacts related to greenhouse gas emissions (in both aspects),
depletion of fossil fuel resources, and emissions of particulate matter, which is indicative of
the energy intensity of the separation processes. Additionally, impacts associated with the
transformation of natural land is clearly visible and also account for a significant portion of
the general impact (about 10%), because grit resulting from mechanical separation can be
managed whole (e.g., used for construction purposes), which in turn makes it unnecessary
to source a similar amount of this raw material directly from the environment.
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3.3. Analysis Results—Detailed Environmental Impact Profiles

Basic results of the characterization stage for wastewater management processes at the
CWWTP for the 2019 data are described below. The characterization is the first stage in life
cycle assessment, in which all interactions with the life cycle environment of the analyzed
facility, or process, as in this case, are classified and divided into so-called impact categories
(for the ReCiPe procedure used in this analysis, the list of impact categories is presented in
Section 2.2.1). Each impact category represents a group of environmental impacts with a
common mechanism of interaction with the environment. A common physical impact unit
(the so-called equivalent) can be established for them, such as, e.g., kg CO2 eq. (equivalent
kg of CO2 emissions) for an impact category relating to climate change, i.e., greenhouse
gas emissions (for each substance in the group of greenhouse gases, the so-called CO2
equivalent is determined, i.e., the relevant number of kg of CO2 emissions that cause the
same environmental harm as 1 kg of the substance in question).

3.3.1. Components of the Environmental Impacts for Inputs to the Treatment Process

Figure 15 shows a summary of the characterization stage results for inputs to the
treatment process, with a breakdown into individual months of 2019. It should be noted that
impacts are not evenly distributed over individual months; there is significant variability
depending on the category under investigation. Impacts related to water ecotoxicity and
ionizing radiation are characterized by the highest variability (range, 2.2–14.7%), whereas
impacts related to eutrophication of water resources are the most stable (range, 7–10%). To
analyze the causes of such a variety in environmental impact values for process inputs over
individual months, a correlation with monthly values of flows together with the analysis
of variability of characteristic parameters, consumption of energy, and chemicals would
be needed.
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Figure 16 shows the results of characterization for inputs to the wastewater treatment
process for the individual components. For most of the impact categories, the impact of
the energy-intensive component is decisive. However, for four impact categories (related
to eutrophication and water ecotoxicity), the impact of harmful substances contained in
the wastewater stream, together with their parameters, prove particularly significant. The
impact of chemicals used in the wastewater treatment processes is particularly significant
for impacts related to the depletion of metal and fossil fuel resources and ionizing radiation
and destruction of the ozone layer, but it never exceeds 50%.
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3.3.2. Components of Environmental Impacts for Outputs from the Treatment Process

Figure 17 shows a summary of the characterization stage results for outputs from
the treatment process, with a breakdown into individual months of 2019. It is noticeable
that, for most impact categories (regardless of the nature of the impact), the distribution of
impacts over individual months follows a similar pattern, with the variability generally not
exceeding 1% (with the exception of April and May, where variability within individual
categories is slightly higher but still does not exceed 5%).

Only for two impact categories related to water ecotoxicity do the characterization
results behave differently. Both positive and negative impacts fall within these impact
categories and are the manifestations of:

• Environmental damage/burdens for the quantities characterizing the wastewater
stream at the outlet to the receiver;

• Environmental benefits for quantities characterizing the reduction in the values of
the characteristic parameters between the wastewater streams at the process inlet and
outlet to the receiver.

For these two impact categories, the sign of the general environmental impact indi-
cator changes over individual months; in January, February, June, August, October, and
November, it takes negative values whereas, in the remaining months, it takes positive
values. This state of affairs is related to the different volume structures of the individual
impact components, particularly the values related to the stream of treated wastewater
released to the receiver characterized by high variability (annual value: 13.4 kPt, monthly
average value: 1.11 kPt, with a spread of 2.12 kPt).
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Figure 18 shows the results of characterization for outputs from the wastewater
treatment process for individual components. Please note that, for most impact categories,
it is the share of the energy intensity component that is decisive:
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• In terms of direct environmental nuisance, the energy produced from the plant’s own
sources and the combustion of biogas generated during sewage sludge fermentation
in bioreactors;

• In terms of potential environmental benefits, the avoided emissions associated with
electrical power not consumed from external sources.

Only for the impact categories related to water eutrophication and ecotoxicity (fresh
and marine water) could an indirect positive impact on the environment related to the re-
duction in the burdens of the environmentally harmful substances contained in wastewater
streams be observed.

For most impact categories, potential indirectly beneficial environmental impacts
prevail. In three cases (ozone depletion, emission of ionizing radiation, and depletion of
metal resources), the impact is clearly negative, while for four (formation of photochemical
oxidants, ecotoxicity, and depletion of water resources), burdens and benefits are balanced.

3.4. Uncertainty Analysis—Elements

It is obvious in the analytical works involving the live cycle models, that all the data are
characterized by different levels of uncertainty, mainly resulting from variation/instability
of the data and possible incompleteness or representativeness of the model acquired. In
order to avoid the possible ambiguity resulting from the data variability and uncertainty,
Monte Carlo analyses have been applied. The small volume of this paper does not allow
us to present the full results of the uncertainty analysis; however, an example for process
inputs is shown in Figure 19. For the round of 1000 runs and a confidence interval of 95%,
it was noticed that the calculated impact was 624,400 Pt (624.4 kPt—please see Figure 5),
the mean was 625,000 Pt (dashed red line), the median was 621,000 Pt (solid red line), the
standard deviation (SD) value was 58,700 Pt, the coefficient of variation (CV) value was
9.37%, and the standard error of mean was 0.00297.
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4. Discussion and Major Conclusions

The subject of the analysis included the environmental impacts arising from the
implementation of the wastewater treatment process at the CWWTP (based on data from
the period January–December, 2019). The analyzed data included inputs and outputs from
the process under consideration, including:

• Levels of relevant parameter values characteristic of the wastewater streams: raw and
treated before release to the environment;

• The chemical additives (chemical agents and reagents) needed for the process;
• Electricity supplied to the wastewater treatment process from the outside, modelled

on the Polish electrical power generation mix (according to the structure shown in
Figure 4);

• By-products of a wastewater treatment process seen as waste (screenings) or as a
regular replacement for a product directly sourced from the environment (grit as
sand), which can then be used in construction;

• Energy generated from the plant’s own sources (combustion of biogas produced
during sludge fermentation in bioreactors).

Moreover, two types of indirect environmental benefits associated with the implemen-
tation of the wastewater treatment process at the CWWTP were also taken into account.
These were the impacts “avoided” as a result of:

• Reduction of burdens from the wastewater as a result of the treatment process (the dif-
ference between the values of characteristic parameters at process input and output);

• The absence of environmental burdens as a result of preventing the need for supplying
(based on the above-mentioned energy mix) electrical power in an amount equal to
that produced from the plant’s own sources.

As mentioned previously, at the stage of the analysis presented in the study, only
the method of sewage sludge management by processing it in bioreactors and producing
biogas for energy purposes is taken into account; this process is simplified, and the amount
of electricity produced was assumed to be its result.
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The environmental impact levels (on a relative point scale and as results of characteri-
zation as physical units—see Section 3.3) were estimated in total (annual perspective), and
monthly distribution was calculated for:

• Inputs to the wastewater treatment process;
• Outputs from the wastewater treatment process.

The analysis of the results obtained allows us to conclude that:

1. Estimated environmental impacts for the inputs to the wastewater treatment process
are environmental loads. They take positive values for all components of the process
inputs: the raw wastewater stream that fed into the process, the chemical reagents
used, and the electricity supplied from external sources.

2. All direct outputs (except grit) are characterized by positive (and therefore harmful,
environmentally) values of impact indicators. This is due to the following:

# The wastewater stream at the process outlet leading to the receiving body
(environment) contains certain quantities of characteristic, environmentally
harmful, substances, and it is required by the relevant standards to determine
their levels; these quantities have been significantly reduced (at least to the
level required by law), but these substances are present in the treated wastew-
ater, which, once directed to the environment, must be re-treated to be suitable
for use;

# Screenings (solid residues from mechanical separation processes) were mod-
elled only as waste; the reason for adopting such a modelling approach was
the impossibility of standardizing the composition of the screenings and the
preliminary lack, at this stage of modelling, of options for unambiguous deter-
mination of the usefulness of these screenings, which would allow us to treat
them as a fully-fledged by-product of the treatment process;

# Energy from bioreactors is produced as a result of a physico-chemical process
of sewage sludge fermentation in digesters, where a certain amount of biogas
is released; this biogas is then incinerated and the energy obtained from this
process is used in wastewater treatment processes. The share of energy from
the plant’s own sources varied, depending on the month, between 62 and 89%
of the total energy used.

3. The estimated environmental impacts for the remaining wastewater treatment out-
puts and grit and intermediate outputs are environmental benefits (negative values
assumed). For all the environmental benefits, this is due to the fact that there are
so-called “avoided” impacts, i.e., indirect environmental benefits compared to ob-
taining an equivalent effect using primary environmental resources. This finding
fully corresponds to the overall tendencies in the results obtained from other Polish
studies [28–30]. For environmental benefits arising from the implementation of the
wastewater management process in question, the “avoided” impacts concerned are:

# Grit—All grit shown in Table 9 can be treated as a fully valuable product ready
for use in the relevant industries (e.g., as a raw material in the construction
industry), which in turn eliminates the need to obtain the same amount of
sand from primary sources, i.e., from the environment;

# Diminution of pollutant concentrations—The environmental benefit results
from the fact that the measured values of parameters describing the content of
harmful substances in wastewater are reduced from their top levels, charac-
terizing the stream of raw wastewater at the process inflow to a lower level,
and characterizing the stream of treated wastewater ready to be released to
the receiver (environment); this parameter illustrates the amount of “avoided”
environmental loads resulting from the wastewater with the original concen-
tration of harmful substances not being released to the environment;

# “Saved” energy—In this case, the environmental benefit results from the fact
that the energy required for the wastewater treatment process, in an amount
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equal to the amount of energy that was produced in the plant from its own
resources, was not taken from external sources.

4. It was found, in the case of both process inputs and outputs, that the energy com-
ponent, related to the energy intensity of the processes themselves, as well as the
“avoided” environmental loads, is the main determinant of the magnitude of the
generated impacts (the value of total environmental impact indicators). This finding
supports the point of view of the case studies presented in [32]. Moreover, it can be
noted that the amount of “avoided” emissions from electricity generated based on
the modelled energy mix determines the negative value of the overall environmental
impact indicator of the whole process (as the main factor, it determines the envi-
ronmental friendliness of the process); the calculated overall environmental impact
indicator of the process, including process inputs and outputs modelled according to
the assumptions described in Section 2.2.2, is −446 kPt.

5. Analysis of the structure of environmental impacts included in the detailed impact
profiles, characterization, and weighting results allows us to conclude that, for the
energy-intensive component and the chemical agent used, loads connected with the
following phenomena account for the largest share:

# Depletion of fossil fuels;
# Climate change (in terms of harm to humans and ecosystems);
# Human toxicity;
# The formation of particulate matter in the atmosphere.

Furthermore, for the component related to the use of chemicals in wastewater treat-
ment, depletion of metal resources also constitutes a significant burden.

6. With regard to the quantities of harmful substances tested (according to the set of
parameters given in Tables 4–8) in raw and treated wastewater streams, a different
distribution of environmental impact profiles was found. Only some impact categories
are present there, of which the most significant ones are:

# Eutrophication of freshwater: about 55% of the total impact for the raw
wastewater stream and about 16% of the total impact for the treated wastewa-
ter stream;

# Human toxicity: about 39% of the total impact for the raw wastewater stream
and about 82% of the total impact for the treated wastewater stream,

# Freshwater ecotoxicity: about 1–2% of the total impact.

Besides these, yet another, though much smaller, impact was discovered, associated
with marine and soil ecotoxicity.

7. With regard to the variability of the environmental impacts across individual months,
it should be noted that:

# Environmental loads from wastewater treatment inputs are subject to consid-
erable variability over individual months. The discrepancies reach 300%; the
top load level was recorded in February (76.7 kPt) and the lowest in August
(24.3 kPt);

# Environmental impacts from wastewater treatment outputs are characterized
by much lower variability (differences between individual months do not
exceed 20%).

8. Due to the fact that, in previous publications, available system boundaries and anal-
ysis assumptions, as well as the choice of functional units, were done arbitrarily,
straightforward comparisons between the results are possible; nevertheless, tendency
evaluation still can be done:

# The major inference based on the statement that the energy component, related
to the balance between WWT process demand and electricity production, is the
main contributor to the environmental impact indicator sum remains, along
with conclusions made by other authors [1,3,6,30];
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# Moreover, the statement made in this paper that the energy mix for the so-
called conventional electricity source has the most significant contribution
to the overall environmental impact indicator of the whole process is valid,
and has been noticed, not only in the area of municipal WWTs, but also in
industrial facilities [40],

# Interestingly, it has been confirmed that the LCA results reveal concise areas
of environmental optimization for large WWTPs (>50,000 PE), which was also
noticed in the results of a case study done on 113 treatment facilities across
Spain [9]; bigger facilities, although maintaining high treatment efficiency
standards, present poorer environmental profiles than the plants that have a
lack of careful continuous monitoring infrastructure. Therefore, LCA appears
to be an even more crucial evaluation tool for scheduling future and holistic-
approach optimization scenarios for WWTP significant stream volumes.

9. For further analysis stages, we postulate that this study’s limitations must be consid-
ered. Thus, the following is necessary:

# Clarifying the wastewater treatment model and modelling the flow of environ-
mental impacts between individual process stages;

# Taking into account inputs and outputs omitted at the described stage, output
modelling of sewage sludge, and perhaps a separate environmental analysis
of sludge use.
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