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The aim of the paper was to determine the operational efficiency and environmental impact of five small wastewater treatment plants
(WWTPs) in Ukmerge district. The efficiency of these WWTPs, reconstructed by applying the same vertical flow labyrinth technology
was calculated according to the most important pollution indicators: biochemical oxygen consumption in 7 days (BODy>), total
phosphorus (TP) and total nitrogen (TN) in period 2017-2020. It was found that the lowest operational efficiency of Taujénai
wastewater treatment plant was according to BOD7 (94-96%). The lowest treatment efficiency of total nitrogen was determined in
Dainava WWTP (88-95%). The highest treatment efficiency according to total phosphorus was in Sventupé WWTP (86-92%), the
lowest in Zemaitkiemis WWTP (72-85%). In order to evaluate the impact of wastewater treatment plants on the environment, their
Life Cycle Assessment (LCA) was performed. Sludge from wastewater treatment process has been found to have the highest
environmental impact and fuel consumption for transport the lowest. Of the five wastewater treatment plants examined, the Vidiskiai
wastewater treatment plant has the largest impact on the environment, and Sventupé WWTP has the lowest.
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INTRODUCTION

In order to protect surface water bodies from pollution, efforts are being made to treat wastewater discharged into
them as efficiently as possible. However, the more efficiently the wastewater is treated, the higher the amount of sludge
is being generated, more electricity is being used to operate the equipment, and more chemicals are often being used to
remove the nutrients (Sperling, 2007). Therefore, it is important not only to assess the efficiency of wastewater treatment
plants, but also their impact on the environment. There are many options for wastewater treatment and sludge treatment.
Designing for sustainability is very important during the planning phase and pre-selection of wastewater treatment plants,
especially in rural areas (Machado et al., 2007).

Life Cycle Assessment (LCA) allows to compare the environmental impact of processes and systems and assess
their sustainability throughout their life cycle, from raw material extraction, transportation, recycling to waste collection
and sustainability of a wastewater treatment systems (Tillman and Baumann, 2004; Buyukkamaci, 2013; Silvenius et al.,
2019). LCA is a methodological structure that allows to calculate and evaluate various categories of environmental
impact: global warming potential, ozone layer depletion, eutrophication, acidification, photooxidant formation,
ecotoxicity, human toxicity, biotic and abiotic resources, which typically occur during a particular process cycle
(Environmental Assessment..., 2000; Rebitzer et al., 2003; Navickas and Venslauskas, 2012; Zhang et al., 2013;
Silvenius et al., 2019). The main impact category is global warming potential (GWP), which expresses climate change
by the emission of greenhouse gases like carbon dioxide (CO>) and methane (CH.) and it is measured in CO; equivalents
(Goedkoop et al., 2010; Acero et al., 2017; Zimele et al., 2019).

LCA can be used to evaluate and compare wastewater treatment plants with different treatment technologies.
Although most research is focused on energy consumption, research is also being carried out to assess the greenhouse
effect, its emissions, toxicity and eutrophication (Munoz et al., 2010).

The activated sludge wastewater treatment process can effectively remove organic pollutants but consumes a lot
of electricity. Anaerobic treatment is a more environmentally friendly treatment technology than aerobic treatment due to
low electricity demand and useful biogas production. Nature-based systems are offered as alternatives with lower
environmental impact for LCA compared to conventional technologies (Brix et al., 1999).
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Conventional wastewater treatment technologies are costly and energy demanding, which is problematic in rural
areas with small communities (less than 2000 population equivalents). Constructed wetlands and sand filtration systems
have been proposed as feasible alternatives with lower environmental impact compared to conventional technologies
(e.g., activated sludge systems) after using LCA (Dixon et al., 2003; Palme et al., 2005; Machado et al., 2007; Foley et
al., 2010; Musharaffie et al., 2011; Kalbar et al., 2012; Yildirim and Topkaya, 2012; Fitzsimons et al., 2014). Dixon et al.
(2003) compared small horizontal flow reedbed system to package bio-filtrated plant, using energy use, CO2-emissions
and soil emissions as impact categories. The energy use was quite similar for both of the alternatives and emissions of
energy consumption of operation phase was the main source of the CO, emissions. Transport included in operational
function were a remarkable source for CO, emissions of reedbed system.

Fitzimons et al. (2014) points out the significance of regional aspects when choosing right technological solution
for small wastewater treatment plans. The use of energy is one of the most important sources of emissions. The number
of environmental impacts caused by electricity can be avoided by using natural WWTPs (e.g., constructed wetlands), but
they need much larger area in order to be installed (Fitzimons et al., 2014).

Applying LCA method two alternative wastewater treatment systems in rural areas were compared: energy-saving
system (constructed wetland and slow rate infiltration) and a conventional one. The low environmental impact of the
energy-saving wastewater treatment plants was demonstrated, most importantly, lower impact for global warming
(Machado et al., 2007). Garfi et al. (2017) also compared a conventional wastewater treatment technology (activated
sludge plant) to two nature-based technologies (hybrid constructed wetland and high-rate algal pond systems) using LCA.
All these systems treated wastewater of 1500 population equivalent (PE) and the unit was 1 m® of wastewater. It was
found, that the nature-based systems were the more environmentally friendly compared to conventional WWTP due to
the lower electricity and chemicals consumption (Garfi et al., 2017).

In summary, it is important to evaluate the advantages and disadvantages of various wastewater treatment
technologies in order to find the most environmentally friendly ones that can be planned for installation in the future
(Buyukkamaci, 2013).

The aim of the work was to determine the efficiency of wastewater treatment plants in rural areas and to assess
their impact on the environment.

The work tasks were as follows:

e To calculate and compare the operation efficiency and dynamics of five wastewater treatment plants of small
settlements in Ukmerge¢ district according to the main pollution indicators: BOD»-, total nitrogen (TN) and total phosphorus
(TP) in the period 2017-2020.

e Carry out a Life Cycle Assessment of WWTPs using SimaPro 9.1.0.8 software according to the following
indicators: sludge generated in the wastewater treatment process, fuel consumption for transport and electricity
consumption.

RESEARCH METHODS
Five wastewater treatment plants in Ukmergé district, reconstructed during the same year (2013) were selected for

the study: Dainava, Vidiskiai, Sventupé, Taujénai and Zemaitkiemis. The same vertical flow labyrinth technology (VFL)
was applied to the reconstruction of all five wastewater treatment plants (Fig.1). It has been hypothesized that the

efficiency and environmental impact of these WWTPS should be similar.
Anaerobic Sludge
tank thickener

Figure 1. Vertical flow labyrinth (VFL) scheme
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The process stages are aeration, sedimentation, biological nitrogen and phosphorus removal. Due to the biological
removal of nitrogen and phosphorus in wastewater treatment plants, the AA / O technology scheme was applied. At low
loads of activated sludge, an anoxic chamber is inserted between the anaerobic and aeration chambers. Wastewater flows
into an anaerobic fermentation zone, mixes with activated sludge and flows into the denitrification zone. Then wastewater
overflows into the aeration zone where proceed wastewater oxidation and nitrification processes and finally, the mixture
of activated sludge flow into the sedimentation section.

Wastewater discharges, pollutant concentrations before and after treatment were analyzed, and WWTPs operating
efficiencies for the period 2017-2020 were calculated and compared. The efficiency of wastewater treatment (%) was
calculated according to BOD7, TN and TP and the obtained results were compared with the values of the minimum
treatment efficiency specified in the Wastewater Management Regulation (Wastewater Management ..., 2019).

Difference in wastewater treatment efficiency was evaluated using program STATISTICA, t-value was calculated. T-test
was used, independent, by variables. Level of significance — differences were considered statistically (significant, if p< 0.05).

74



Proceedings of the 10" International Scientific Conference Rural Development 2021

A linear trend was used and determination coefficient was calculated to evaluate the trend of change in wastewater
treatment efficiency. This coefficient shows which changes in one attribute’s (wastewater treatment effectiveness
coefficients) values can be explained using change in another attribute’s (time) values. Determination coefficient, in case
of linear dependence, is equal to squared correlation coefficient between variables (attributes) X and Y.

The LCA was performed using SimaPro 9.1.0.8 software to evaluate the environmental impact of the wastewater
treatment plants. SimaPro is the world's most widely used life cycle assessment software, which corresponds to the
following standards — ISO 14040: Principles and Framework and ISO 14044: Requirements and Guidelines (1SO
14040:2006; 1SO 14044:2006). The LC-IA basic approach has been used for Life Cycle Assessment, which includes
several categories of environmental impact. The environmental impact assessment of the five Ukmergé district
wastewater treatment plants in 2020 was performed using the CML-IA baseline VV3.06 / EU25 method.

RESULTS

The operational efficiency of WWTPs was evaluated according to BOD7, TN and TP for the period 2017-2020 (Fig.2).

According to BODy, the lowest efficiency of Taujénai wastewater treatment plant was determined (94-96%).
Statistically significant differences compared to all other WWTPs were found — p<0.05. In all other plants wastewater
treatment efficiency was similar, no statistically significant differences were found between them (p=>0.05). The lowest
TN treatment efficiency was determined in Dainava wastewater treatment plant (88-95%). Statistically significant
differences were found in these WWTPs: Dainava WWTP — Sventupé¢ WWTP; Dainava WWTP — Vidiskiai; Dainava
WWTP — Taujénai WWTP. In all other WWTPs TN treatment efficiency was similar, no statistically significant
differences where found (p>0.05). The lowest TP treatment efficiency was found in Zemaitkiemis wastewater treatment
plant (72-85%). Statistically significant differences were found: Zemaitkiemis WWTP — Vidigkiai WWTP; Zemaitkiemis
WWTP - Dainava WWTP. Highest TP treatment efficiency was found in Sventupés WWTP (92-86%). Statistically
significant differences were found: Sventupé WWTP — Vidiskiai WWTP; Sventupé¢ WWTP — Dainava WWTP; Sventupé
WWTP - Taujénai WWTP; Sventupé WWTP — Zemaitkiemis WWTP. All other plants wastewater treatment operation
efficiency was similar, no statistically significant differences were found (p>0.05).
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Figure 2. WWTPs operational efficiency according to BOD~ (a); according to TN (b); according to TP (c)

The dynamics of the operation efficiency of the studied wastewater treatment plants in the period of 2017-2020
according to the BOD7, TN and TP values is presented in Figure 3.

Trends of increase in BODy values were found in all WWTPs. It may be concluded that during the four-year period,
according to BOD7, WWTP operation efficiency had been increasing.

Increasing trend of TN value coefficients were found in two WWTPs (Sventupé WWTP and Dainava WWTP);
decreasing trend was found in three WWTPs (negative function: Vidiskiai, Taujénai and Zemaitkiemis WWTPs).
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Increasing trend of TP value coefficients were found in three WWTPs (positive function: Sventupé, Dainava and
Taujénai WWTPs); decreasing trend of TP value coefficients was found in two WWTPs (negative function: Vidiskiai and
Zemaitkiemis WWTPs).

The results show that the values of the operating efficiency of the studied wastewater treatment plants in the period
of 2017-2020 corresponded to the values of the minimum treatment efficiency established by the Wastewater
Management Regulation (2019) (except for Zemaitkiemis WWTP according to TP).

Three factors were analysed: sludge generated in the wastewater treatment process, fuel consumption for
transporting sludge to the storage site and electricity consumption for wastewater and sludge treatment. It should be noted
that the VFL method of wastewater treatment removes nitrogen and phosphorus biologically, so no chemicals were used
that would have an impact on the environment and otherwise would also have to be assessed. The life cycle is assessed
according to the 10 exposure categories.

In order to unify the results obtained by the program for all five wastewater treatment plants (discharges of treated
wastewater are different in each treatment plant), the data were recalculated for 1 m? of treated wastewater.
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A comparison of the total environmental impact of 1 m® of treated wastewater from Ukmergé district WWTPs
(consisting of sludge, fuel consumption for transport and electricity consumption) is presented in Table 1.
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Table 1. Total environmental impact of 1 m?® of treated wastewater in five WWTPs of Ukmergé district

Impact category Units - - \{Vastewatgr T rga_tment Pjants = —
Dainava Taujénali Vidiskiai Sventupé Zemaikiemis

Abiotic depletion kg Sb eq 0.0001 5.69-10° 0.0001 5.6-10° 7.42-10°°
Abiotic depletion (fossil fuels) MJ 106.921 60.506 151.635 59.380 78.881
Global warming potential kg COzeq 7.723 4.370 10.953 4.293 5.680

Ozone layer depletion kg CFC-11eq 2.66-10° 1.45-10° 3,74-10° 1.45-10° 1,94-10
Human toxicity kg 1,4-DB eq 8.141 4.553 11.477 4471 5.938
Fresh water aquatic ecotoxicity | kg 1,4-DB eq 5.042 2.822 7.112 2.796 3.606
Terrestrial ecotoxicity kg 1,4-DB eq 0.043 0.024 0.061 0.024 0.030
Photochemical oxidation kg C2H4 eq 0.002 0.001 0.002 0.001 0.001
Acidification kg SOz eq 0,046 0.026 0,065 0.025 0.034
Eutrophication kg POseq 0.026 0.014 0.036 0.014 0.018

Figure 4 presents the Life Cycle Assessment in presents of one of the analysed wastewater treatment plants —
Vidiskiai WWTP according to three factors. As can be seen from the graph, the largest negative impact in all categories
is sewage sludge, followed by electricity consumption, the lowest — fuel consumption for transport.

Eutrophication

Acidification

Photochemical oxidation
Terrestrial ecotoxicity

Fresh water ecotoxicity
Human toxicity

Ozone layer depletion

Global warming potential
Abiotic depletion (fossil fuels)
Abiotic depletion

0 10 20 30 40 50 60 70 80 90 100
Energy consumption Fuel consumption for transport m Sludge %

Figure 4. Life Cycle Assessment (LCA) of Vidiskiai WWTP, 2020

The greatest effect of sludge was found on ozone layer depletion. In Zemaitkiemis WWTP it reached 98%, in
Dainava and Vidiskiai WWTPs it accounted for 97%, in Taujénai and Sventupé WWTPs — 96%.

The electricity consumed in the wastewater treatment process had the greatest impact on global warming potential
in Dainava WWTP — 7%. In the other four wastewater treatment plants, the greatest impact of electricity was in the
category of ecotoxicity to terrestrial ecosystems, respectively: Zemaitkiemis WWTPs accounted for 10%, Vidiskiai and
Taujénai WWTPs — 15.5%, Sventupé¢ WWTP — 17.6%.

Fuel consumption for transport had the greatest impact on abiotic depletion potential (fossil fuels), respectively
Zemaitkiemis WWTP — 4%, Taujénai WWTP — 3.3%, Sventupe WWTP — 3%, Vidiskiai WWTP — 2.8% and Dainava
WWTP - 2.1%.

Figure 5 presents a comparison of the environmental impact of wastewater treatment plants according to the very
important categories of acidification and eutrophication for surface water bodies.

It was found that the Vidiskiai wastewater treatment plant has the greatest negative impact on the environment in
all 10 categories studied, including acidification (0.066 kg SO eq) and eutrophication (0.036 kg PO4 eq). The smallest
amount of wastewater was treated in Vidiskiai WWTP (6090 m?® in 2020, i.e., 2-4 times less than in the other four
WWTPs) and a significantly higher amount of sludge per 1 m® of treated wastewater was generated. In addition, Vidigkiai
WWTP consumes the most electricity (2.1 kWh/m?, i.e., 1.5-3 times more than in other WWTPs studied).

It was observed that the smaller the size of the activated sludge wastewater treatment plants, the higher the electricity.

consumption per 1m?® of treated water (Lorenzo-Toja et al., 2015). In the study of Life Cycle Assessment of
wastewater treatment systems for small communities (Garfi et al., 2017), the high electricity consumption was the main
responsible for the low environmental performance of such type of wastewater treatment plants.

The negative impact of Sventupé WWTP on the environment is the smallest (e.g., according to acidification —
0.026 kg SO- eq, according to eutrophication — 0.014 kg PO4 eq), i.e., 2.6 times smaller than Vidiskiai WWTP.

Summarizing the impact of Ukmergé district wastewater treatment plants on the environment, it can be stated that
the results do not differ significantly due to the similar landscape of the territory, wastewater treatment and sludge
treatment technologies, and other indicators. However, transport flows in the analysed WWTPs differ slightly (different
distances from WWTPs to sludge storage site) and affect the environment in terms of ecotoxicity, eutrophication,
acidification, global warming potential, and other categories.

As the vertical flow labyrinth technology, which was applied to the reconstruction of the treated wastewater
treatment plants, uses little electricity, this indicator does not have a significant impact on the environment. Also, facility
occupies small area, and removal of nutrients (TN and TP) does not require the use of chemicals.
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Figure 5. LCA of WWTPs by acidification and eutrophication

In 2016-2019 during the implementation of the Interreg BSR project “VillageWaters (Water emissions and their
reduction in village communities in Baltic Sea Region as pilots)’’, the environmental impacts were calculated of the pilots
of the project — small WWTPs in rural areas of five countries (Finland, Estonia, Latvia, Lithuania and Poland). The LCA
calculations were done to the old and to the new wastewater treatment technologies. Lithuanian pilot — Leitgiriai village
(Siluté district) wastewater treatment plant was reconstructed using vertical flow labyrinth technology. The LCA results
showed a significant reduction in environmental effects in various categories, such as the eutrophication impact reduced
because of the changes 64% (Sylvenius et al., 2019).

Based on the analysis, it can be stated that the VFL wastewater treatment technology is suitable for application in
rural areas not only in terms of operational efficiency, but also in terms of environmental protection. Overall result is that
environmental impact can be reduced very much by implementing technology which is suited for the circumstances.

CONCLUSIONS

1. Based on the analysis of the five small wastewater treatment plants in Ukmergé district, reconstructed by
applying the same vertical flow labyrinth (VFL) technology in the four-year period (2017-2020), it can be stated that
according to BODy, the operating efficiency of all wastewater treatment plants increased. According to total nitrogen, the
treatment efficiency of two wastewater treatment plants increased — Sventupé and Dainava WWTPs, according to total
phosphorus — Sventupé, Dainava and Taujénai WWTPs.

2. The vertical flow labyrinth wastewater treatment technology is suitable for application in rural areas not only
in terms of operational efficiency, but also in terms of environmental protection. Of the three factors: sludge generated in
the wastewater treatment process, fuel consumption for transport and electricity consumption for wastewater treatment
examined, sludge has been found to have the highest environmental impact and fuel consumption for transport — the
lowest.
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