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1. INTRODUCTION 
 
1.1 Landfilling of biodegradable waste and treatment of landfill wastewater in 
Estonia 
 
Since 2000, the Väätsa, Torma, Uikala, Jõelähtme and Paikre landfill sites have been built in 
Estonia in accordance with the environmental requirements applicable in the EU. One of the most 
important aspects of designing a landfill site is reduction of landfill emissions, including 
stormwater contaminated by landfilled waste, wastewater and leachate (collectively referred to as 
landfill wastewater (LWW)), that are harmful to the environment. In essence, this means effective 
planning and operating a landfill wastewater treatment plant (WWTP) as well as a landfill gas 
collection and handling system. The processes mentioned above are significantly affected by 
handling of biodegradable waste (collecting, sorting, composting and landfilling) by waste 
producers and at landfills. By collecting and sorting domestic waste separately, a significant 
portion of biodegradable waste which can be composted or digested is separated. Composting 
takes place on open watertight areas, from which the collected rainwater is highly polluted and 
the flow of which is extremely variable. The treatment technologies that have been and are 
currently used (e.g., land filtration, oxidation ponds, activated sludge (AS) treatment, etc.) have 
not been capable of reducing the pollutant content of the LWW effluent to the level prescribed by 
law for discharging into public sewerage systems. The ecological state of small rivers receiving 
the effluent is endangered because their small flow rates during low water periods cannot provide 
a necessary dilution for the effluent. Domestic wastewater treatment plants have problems with 
the low temperature of LWW as well as the high concentration of pollutants and their toxicity. 
 
The efficiency of treatment of LWW (as well as leachate) and the volume of biogas emitted by 
the landfilled waste is significantly affected by the composition of the waste and change of 
substances in wastewater that accompany the degradation process of biodegradable waste, 
according to the age of landfilled waste layers. A landfill should be viewed as a reactor, in which 
aerobic processes take place in turn with anaerobic processes as the waste ages and organic matter 
decays, creating leachate and landfill gas (biogas). The main components of landfill gas are 
carbon dioxide (CO2) and methane (CH4), while the CH4 content in the landfill gas is mostly in 
the range of 50–55 %. The emission of sulphur (S) and nitrogen (N) compounds (SO2, NOx, HCl 
and NH3) into ambient air causes acidification of soil and water bodies, due to the decay of 
biodegradable waste. Open composting of biodegradable waste creates a large amount of sulphur 
compounds and ammonia (NH3) emissions that cause an unpleasant odour in addition to 
acidification. The described processes also create greenhouse gas emissions. Study results have 
shown that digesting biodegradable waste is more efficient than composting.  
 
The key priority when designing landfill sites is reduction of the mentioned emissions and 
environmental impacts by using new technical and technological solutions. Waste treatment and 
reduction of emissions that are harmful to the environment must be approached integrally, i.e. 
waste should be treated in such a way that emissions were minimal in any stage of processing 
(sorting, recovering as material or for producing new products) and composting replaced by 
digesting, using landfill gas and digester biogas for producing electricity and thermal energy in 
combined heat and power plants, as well as using digester digestate for fertilising agricultural 
land, moistening landfill waste with LWW in order to increase the yield of gas, etc.). If all this is 
approached integrally, emissions that are harmful to the environment and management costs 
decrease significantly. 
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2. STUDY OBJECTIVES 
 
In the last decade, rapid changes have taken place in waste management and treatment throughout 
the European Union (EU), including Estonia. The share of separate collection, sorting, and 
incineration of domestic waste has grown, landfilling of biodegradable waste diminished and 
composting increased. Methane fermentation of biodegradable waste is planned in the near future. 
In recent years, waste management and treatment was restructured and environmentally 
hazardous emissions from new landfills have diminished. The flow rates, pollutant concentration 
and toxicity of LWW have been measured and recommendations for LWW treatment in new 
conditions and for integral treatment of biodegradable waste at landfills elaborated.  
 
The main focus of this thesis is on the treatment of biodegradable waste and LWW at landfills. In 
Estonia to date, three landfills (Torma, Väätsa and Uikala) are equipped with modern LWW 
treatment equipment. LWW from the Jõelähtme and Paikre landfills is discharged into the public 
sewerage system of Tallinn and Pärnu where it is treated together with domestic wastewater. The 
main focus in this thesis was placed on the Torma, Väätsa and Uikala landfills because the 
purification capacity of the WWTP-s of the Torma and Väätsa landfills had been exhausted, and 
the Uikala landfill had the only working LWW treatment plant in Estonia at the time. The in-
depth study on the pollutant content and volume of LWW, on different modern methods of LWW 
treatment and biodegradable waste digestion, and on the RO concentrate was conducted at the 
Väätsa landfill site and in the labs of the Tallinn University of Technology (TUT). 
 
Taking into account the current legislation in place in the EU and Estonia, the rapid changes in 
the last decade in the field of waste management and treatment throughout the EU countries, 
including Estonia, and the experience of Estonia and some of the world’s leading countries in 
solid waste and LWW treatment (Sweden, UK, Denmark, Finland, etc.) that are located in the 
same climatic zone as Estonia, the main directions of this thesis were: 

 formation and composition of LWW (Paper I); 
 decreasing and equalising of the pollutant content, flow rate and toxicity of LWW (Paper 

III); 
 treatment of LWW and determining the most efficient LWW treatment method (Papers II 

and III); 
 reverse osmosis (RO) and nanofiltration (NF) of biologically treated leachate (Paper II); 
 toxicity of landfill leachate and RO concentrate (Papers I, II and III); 
 treatment of biodegradable waste and reducing the volume of biodegradable waste 

composted and deposited in landfills (Paper III); 
 biodegradable waste methane fermentation in landfills (Paper III); 
 use of landfill and digester gas as well as digester digestate (Paper III).  

 
 
3. METHODOLOGY AND EXPERIMENTS 
 
Most of the LWW and biodegradable waste treatment efficiency studies and studies of the 
environmental impact caused by treatment were conducted as a series of long-term studies 
(Studies, 2010; Elaboration, 2013; Kuusik, Aare et al., 2007; Kuusik, Aare et al., 2013; Studies, 
2007; Studies, 2008) (Papers I–III). The results from studies conducted during the evaluation of 
the environmental impact of biogas plants (Environmental, 2004; Environmental, 2008; Strategic, 
2009) were also used.  



11 

Studies on LWW and leachate generated in Estonian landfills were performed in 2007–2014. The 
flow rate and pollutant content of LWW (together with leachate, water collected from composting 
areas and landfill territories, as well as of domestic wastewater from the Väätsa, Uikala, 
Jõelähtme and Paikre domestic waste landfills) were measured in the years 2007–2010 and 
climatic conditions registered. The water samples were also used for analysing the following 
ingredients (Papers I–III) (Studies, 2007; Studies, 2008; Studies, 2010): 

Water from the paved landfill territory, composting areas and landfill leachate: 
 pH; 
 electrical conductivity; 
 alkalinity; 
 chemical oxygen demand (COD); 
 biochemical oxygen demand (BOD7); 
 total organic carbon (TOC); 
 suspended solids (SS); 
 total nitrogen (TN); 
 ammonium nitrogen (NH4-N); 
 total phosphorus (TP); 
 sulphate (SO4

2-); 
 chloride (Cl-); 
 dioxins. 
Metals: 
 Fe2+ ja Fe3+; 
 Mn, Na, Mg; 
 Cu, Pb, Ni, Cd, Sn, Hg, Ag, Cr. 

      Hydrocarbons and phenols: 
 hydrocarbons; 
 phenols. 

Domestic wastewater: 
 pH; 
 COD; 
 BOD7; 
 SS; 
 TN; 
 TP; 
 hydrocarbons. 

 
During sampling and a week before, the daily precipitation (mm) and air temperature were 
registered. In winter, the melting intensity of snow was described. At each landfill, the toxicity of 
LWW for AS organisms was determined. LWW samples were analysed in the water chemistry 
laboratories of the Estonian Environmental Research Centre and the Department of 
Environmental Engineering of TUT. Dioxins were determined in a laboratory in Czech Republic 
that holds a corresponding accreditation. The toxicity of LWW was measured (by the Estonian 
Environmental Research Centre) with the help of ecotoxicological tests on the basis of the impact 
on Protozoa; subsequently, the impact on the bacteria in the AS was concluded (Studies, 2010).  
 
In the years 2007–2014, experiments on percolation and RO of LWW and on biological filter 
technology with submerged support media of light gravel treatment were conducted at the Väätsa 
landfill and the Department of Environmental Engineering of TUT. The operation WWTP of 
existing landfills at Väätsa, Torma and Uikala was supervised. Some in vitro experiments were 
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conducted at the Department of Chemistry of TUT (Studies, 2010). The remainder of in vitro 
experiments processes included the aerobic biological oxidation process, ozonation reactor 
process, coagulation process, post-ozonation of the coagulated wastewater, post-ozonation of the 
effluent from the treatment plant, post-ozonation of the wastewater that had been treated 
biologically in the AS plant, lime coagulation and post-ozonation of LWW, coagulation with oil-
shale ash and the Fenton process (Paper III). 
 
At the Väätsa landfill, the concentrate from RO is pumped to the waste deposit. A series of 
experiments (in TUT) with methane fermentation was carried out with the aim of determining the 
toxicity of the concentrate produced in RO and its influence on different phases of degradation in 
the waste deposit and degradation of organic substances during fermentation (Studies, 2008; 
Studies, 2010). The concentrate discharged from RO was co-digested anaerobically in a mixture 
with Tallinn WWTP sewage sludge to evaluate the degradability and CH4 productivity in various 
mixing ratios. The RO discharging concentrate additions have a negative effect on the anaerobic 
digestion (AD) of sewage sludge (Papers III). 
 
An experimental study under laboratory conditions and using pilot reactors was performed at 
TUT to find more efficient solutions for the AD process and to choose suitable substrates for co-
digestion (Studies, 2010; Kuusik, Aare et al., 2014). These experiments were conducted in the 
TUT Department of Environmental Engineering. The biomethane potential tests were carried out 
in anaerobic mesophilic conditions, measuring the maximum volume of biogas or biomethane 
produced per gram of volatile solids (VS) contained in the organic matter used as substrate for the 
AD process. These tests were conducted using either pure substrates or a mixture of two 
substrates in order to investigate the effect of the combination of different organic wastes on the 
digestion process (co-digestion). Biomethane potential (BMP) tests were conducted with 
Automatic Methane Potential Test System II (AMPTS II). The AMPTS II follows the same 
measuring principles as conventional methane potential tests, which make the analysis results 
fully comparable with standard methods (Papers III). 
 
Experimental studies in laboratory conditions and pilot reactors have been performed in many 
research centres to find better solutions for the AD process and for the choice of substrates and 
their co-digestion. Such experiments in the course of the Sustainable Utilisation of Waste and 
Industrial Non-core Materials (SUSBIO) project were carried out in TUT and in the Turku 
University of Applied Sciences (Kuusik, Aare et al., 2013; Kuusik, Argo et al., 2013; Kuusik, 
Argo et al., 2013b; Kuusik, Argo et al., 2013c; Kuusik, Argo et al., 2013d;  Kuusik, Aare et al., 
2012). The biogas production was analysed using specially made and purchased (AMPTS II) 
laboratory equipment. Screening of the experimental methods was undertaken. Of available 
experimental methods, the biomethane potential (BMP) tests proved to be the most successful, 
mainly thanks to their ease in setting up and conduction of tests as well as obtainable useful 
information. BMP tests were conducted in batch conditions and in bench scale, measuring the 
maximum volume of biogas or biomethane produced per gram of VS contained in the organics 
used as substrates in the AD process. These tests were conducted using either pure substrates or a 
mixture of two substrates in order to investigate also the effect that the combination of different 
organic waste has on the digestion process (co-digestion). In fact, according to recent studies, the 
concurrent presence in the same anaerobic reactor of different organic wastes can improve the 
performance of the digestion process. The results of co-digestion of different studied organic 
substrates have demonstrated a synergic effect of combined treatment as the biodegradability of 
the resulting mixture was higher than that of single substrates when investigated separately. In 
particular, the combination of different substrates with proper percentages of each fraction can 
result in the production of a mixture having a carbon to nitrogen (C:N) ratio in the optimal range 
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20:1–30:1. Analogous results were obtained with regard to the carbon to phosphorous (C:P) ratio. 
Therefore, the above-cited improvement of the biodegradability characteristics of a solid mixture 
is substantially influenced by the adjustment of the C:N:P ratio. Further benefits of co-digestion 
include a higher biogas and energy production as well as a decrease in the volume of solid waste 
to be disposed due to the gasification of a higher percentage of the substrate (Papers III).  
 
According to the Estonian Waste Law (RT I, 23.03.2015, 204), sewage sludge is a biodegradable 
waste. The goal of the “Elaboration of the strategy for processing sediments from wastewater 
treatment, including safeguarding harmless reusage by applying efficient supervision, chemical 
and biological indicators and quality assurance systems” study (Elaboration, 2013) conducted by 
the Estonian Environmental Research Centre and TUT was to find the most suitable sewage 
sludge treatment technology for Estonia and to be in accordance with regulation No 78 from 
30.12.2002 of the Minister of the Environment “Requirements for using sewage sludge in 
agriculture, landscaping and recultivation” (RTL 2003, 5, 48). The treatment of sewage sludge 
was viewed as a separate part of waste treatment. In order to evaluate the potential for recycling, 
the environmental safety (people, animals and plants) of current sewage sludge composting 
technologies and the properties of sewage sludge were examined. The volume and quality of 
sewage sludge generated in Estonia was analysed and evaluated in terms of nutrient content, 
heavy metals and hygienic characteristics. Other aspects that were studied included the following: 
the potential value of sewage sludge and other biodegradable waste that result in decreasing the 
volume of biodegradable waste dumped in the landfills; the potential value of biodegradable 
waste generated in Estonia in the form of energy (biogas) and soil improvers (digestate) obtained 
by AD on the basis of the end of waste criteria (Paper III). 
 
A study “Elaboration of methodology for experiments on deforestation and peatland renovation 
with the sludge from Tallinn domestic wastewater treatment by the Tallinn Water Utility” was 
conducted in 2002–2007, with the aim to elucidate the influence of the treatment of alvar soil and 
peat with different doses of sewage sludge on different seedlings under experimental conditions 
(Kuusik, Aare et al. 2007). The sludge from Tallinn WWTP had passed methane fermentation and 
centrifugal drying. Soil and peat with different doses of sewage sludge (8.9, 26.6 and 44.3 kg/m²) 
and control variants were used. The tests showed that methane fermented and dewatered sewage 
sludge from the Tallinn WWTP can be used in afforestation (Paper III). 
 
During the evaluation of the environmental impact of constructing the Valjala, Oisu and Vinni 
biogas plants (Environmental, 2004; Environmental, 2008; Strategic, 2009), pollutants from 
composting and the methane fermentation of biodegradable waste (dung, liquid manure, green 
waste and biodegradable waste from processing of agricultural products) were studied.  
 
 
4. LANDFILL WASTEWATER COMPOSITION AND 
ENVIRONMENTAL STANDARDS 
 
4.1 Formation and composition of landfill wastewater  
 
Studies on the LWW and leachate generated at Estonian solid waste landfills (Väätsa, Uikala, 
Jõelähtme and Paikre) were performed in 2007–2010 (Studies, 2007; Studies, 2008; Studies, 
2010). LWW is polluted water collected from the landfill territory that consists of leachate, i.e., a 
liquid that moves through or drains from a landfill, precipitation that passes over the landfill site, 
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vehicle washing water and water drained from the sanitation devices. Landfill leachate (LLE) is the 
water that has percolated through contaminated material, e.g., tipped refuse. (Kriipsalu et al., 2016). 
 
LWW and leachate generally have a very high concentration of pollutants and present a big threat 
to the water quality of receiving waters. As legislation becomes more and more strict, proper 
treatment of LWW is very important. The Väätsa, Uikala, Jõelähtme and Paikre landfills meet the 
EU’s new environmental requirements. The landfill is separated from groundwater and untreated 
rainwater from paved areas or leachate is not discharged into the environment. 
 
The pollutant content and dynamics of flow of LWW have been scarcely researched throughout 
the world. The focus is mainly put on leachate (its formation, flow rate and pollutant content) as 
generally the most polluted part of LWW. If we collect all the leachate and other wastewater 
(including stormwater from composting areas) of the landfill territory, we get LWW with a very 
uneven flow rate and pollutant content that requires different technical and technological 
approaches in order to treat it effectively all year round. The reason that there are so few studies 
on the amount and pollutant content of LWW is that they depend on many parameters that change 
over time and vary between landfills. 
 
Amount of landfill wastewater 
Studies show that the amount of LWW depends on the characteristics of the site – age of the waste 
layer(s), size of landfill territory and watertightness of the pavement of the composting areas; on the 
physical characteristics of the waste – the percentage of biodegradable waste (change of amount 
over time); on the climatic and meteorological conditions of the site – amount of precipitation, on 
the intensity of rainfall and snowmelt, as well as the intensity of evaporation, but also on the 
activities at the landfill – waste sorting and treatment techniques (composting, dumping, AD), 
cleansing possibilities of vehicles and containers, number of workers, amount of disinfection water, 
etc. For all these reasons, it is not possible to employ uniform calculation formulas for calculating 
the amount of LWW. In order to obtain data on flow rates and the pollutant content of LWW, one 
must conduct long-term and rather costly measurements that need to be repeated according to the 
changes in the conditions that take place over time, as mentioned above (Paper III). 
 
During the study, the amount, pollutant content and toxicity of LWW and leachate were measured 
and analysed. Studies show that the amount of LWW could be zero or negligible in the short term 
as well as long-term. The impact of the leachate amount and duration of the discharge is directly 
dependent on the age of the landfill and the landfill density. The flow begins approximately 3–5 
hours after the beginning of a rainfall or snowmelt. 90 % of rainwater from paved areas is quickly 
discharged to sewers (Studies, 2010). In new landfills the stormwater percolates quickly through 
the waste and ends up in sewers, taking along a large part of the easily washable pollutants. 
According to research data the amount of leachate drained from old landfills contains up to 20 % 
of precipitation water, compared to an avg. 60 % from new landfills. The older the landfill and the 
better the waste is compacted, the greater is the intensity of evaporation and the smaller the 
amount of leachate (Paper I). 
 
Every porous material, including waste, has the ability to detain and hold a certain volume of 
water. The biggest volume of water that waste can hold is called maximum water retentive 
capacity. The amount of water held in a landfill waste layer after gravitational water has drained 
away is called field capacity (Kriipsalu et al., 2016). The field capacity is presented as a ratio of 
the mass of water in the waste and the dry mass of the waste, and it is represented as a percentage. 
The initial water content of domestic waste is considered to be 0.35 kg per one kg of dry mass of 
waste. According to publications, leachate begins to emerge when the water content of waste 
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exceeds the field capacity (in the case of domestic waste, it is usually 50–60 %, i.e. 0.5–0.6 kg of 
water per kg of dry mass of waste. Before it begins to leak, a waste layer can hold 0.15–0.25 
kg/kg of additional water. However, if waste is already wet when dumped, it can hold less 
stormwater than dry waste (Crawford and Smith, 1985; Kriipsalu et al., 2016). The volume of 
leachate also depends on the water absorbing capacity (hygroscopicity) of the waste. The biggest 
amount of leachate is generated when the whole mass is saturated with water (water content 0.8–
1.15 kg/kg). The amount of leachate from closed landfills in Germany is estimated to be 13 % of 
the annual precipitation (White et al., 1997; Kriipsalu et al., 2016). After watertight covering and 
closing of the landfill, the amount of leachate significantly decreases, but increases if the landfill 
is being moistened in order to stimulate the production of biogas.  
 
The diurnal, weekly and annual flow rates of LWW and leachate in Estonia are variable, as is 
typical for the northern part of the temperate climate zone (ESTONICA). The long-term avg. 
annual precipitation for Estonia is 750 mm (Reihan, 2008) and varies considerably temporally and 
across the territory, e.g., at Pärnu 435 mm in 1947 and 953 mm in 2001 (EMHI). 
  
In this study the impact of different weather conditions on the amount of LWW and leachate was 
analysed. Depending on the duration of rainfall and on the purpose for which watertight areas 
were used, 60 to 80 % of rainwater falling on watertight areas and 10 to 30 % of rainwater falling 
on landfill waste lifts reaches sewers. A large part of the territory of new solid waste landfills in 
Estonia (including composting areas) have a impermeable cover and the LWW studies conducted 
in the years 2007–2010 demonstrate that (Studies, 2010):  

 the water of small showers (up to 2 mm) usually evaporate completely;  
 daily leachate flow rates at Jõelähtme and Väätsa landfills depended in September to 

December 2007 on the intensity of precipitation as follows: 11–525 m3/d at Jõelähtme 
and 21–128 m3/d at Väätsa. The largest flow rates were measured in September. At 
Jõelähtme, a leachate flow rate of 525 m3/d was measured, and at Väätsa only 16 m3/d. 
Rainwater flow rates from composting areas were at Jõelähtme 51 m3/d and at Väätsa 108 
m3/d, and from the landfill territory 130 m3/d at Jõelähtme and 4 m3/d at Väätsa, 
altogether amounting to 706 m3/d at Jõelähtme and 128 m3/d at Väätsa. During the 
measurements, the total precipitation of the three days was 16 and 13 mm respectively;  

 daily leachate flow rates at the Uikala and Pakre landfills depended in September to 
December 2007 on the intensity of precipitation as follows: 221–298 m3/d and 42–55 
m3/d. The largest flow rates were measured in December and October. At Uikala, the 
flow rate of wastewater from the paved area in front of the office and the office were also 
measured to be 4.5 m3/d. At Paikre, only leachate is collected. During the measurements, 
the three day total precipitation was 3.2 and 7.4 mm respectively.  

 
LWW flow rate fluctuations were measured at periods with different intensity of rainfall and 
snowmelt at the Väätsa landfill, where precipitation water and leachate were collected from an 
area of 4.1 ha. The study results were the following: Qmin = 0–2 m3/d, Qavg = 10–20 m3/d (1.4 to 
2.9 m3/ha per day) and Qmax = 50–95 m3/d (7.1 to 13.6 m3/ha). In some cases, Qmax increased up to 
150 m3/d (21.4 m3/ha). The fluctuations of leachate flow were smaller: Qmin = 0–2 m3/d, Qavg = 5–
15 m3/d (1.0 to 2.9 m3/ha), Qmax = 20–30 m3/d (3.9–5.8 m3/ha). In the case of heavy rainfall and 
snowmelt, one must expect very big hydraulic and pollutant shock loads, and the flow rate of 
LWW may be close or even equal to zero during long drought periods. The results of 
measurments show that the big problem is the low temperature of rain and snowmelt water in 
winter (from 1 to 4 ºC) i.e. flowing from composting areas and the landfill territory (Studies, 
2010; Studies, 2008) (Paper I). 
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Pollutant content, concentration and pollution load of landfill wastewater 
The study results show that the pollutant content and pollution load of landfill wastewater mainly 
depends on weather conditions, the construction of wastewater facilities, the size and intensity of 
exploitation of composting areas, the content of biodegradable waste and filling materials used for 
composting, the size and loading of depositing areas and less on the sorting and storing 
technologies of different types of waste, the washing technologies of machinery and containers, 
the number of workers, etc. In winter and during longer drought periods, only LLE together with 
domestic wastewater from the workers or only domestic wastewater from the workers should 
generally be treated (Studies, 2010; Studies, 2008).  
 
Municipal solid waste LLE is mainly polluted by organic substances and nitrogen, mainly in the 
form of ammonium nitrogen (NH4-N), the content and concentration of which may fluctuate 
within a wide range, depending on precipitation (Table 4.1) (Studies, 2010). COD values can be 
very high, especially of the leachate from recently landfilled waste. In many cases, nitrogen may 
be the most important risk to the environment (Christensen, 2010). 
 
Table 4.1. Fluctuation of the concentration of pollutants in the leachate and LWW measured at the Väätsa, 
Uikala and Jõelähtme landfills (Studies, 2010)  
 

Parameter Unit Väätsa Uikala Jõelähtme 
LWW 

BOD7 mgO2/l 366–1,663 541–1,851 650–3,126 
COD mgO/l 988–8,730 2,870–4,840 2,220–6,120 
NH4-N mgN/l 68–120 439–684 237–834 
TN mgN/l 200–394 720–920 372–864 

Leachate 
BOD7 mgO2/l 300–950 231–1,750 3,051–5,451 
COD mgO/l 583–2,390 1,230–4,240 7,200–9,100 
NH4-N mgN/l 50–330 427–852 726–974 
TN mgN/l 230–469 564–1,567 820–1,335 

 
Leachate contains natural organic substances in the form of suspended or colloidal particles, 
macro polymers or simple low molecular substances. A part of these organic substances remains 
dissolved. Dissolved organic carbon is a fraction of TOC. The high concentration of TOC mainly 
includes humic substances that consist of humic acids, fulvic acid and humins. In addition to the 
large number of organic substances, domestic landfill leachates tend to have large concentration 
of salts, mainly NaCl and NH4-N, along with heavy metals (Sumanaweera, 2010). 
 
In Estonia the heavy metal content of LWW does not exceed concentration limits (Studies, 2010). 
The pollutant content of the water that percolates through the body of a landfill is heavily 
influenced by the waste content and the processes taking place inside the landfill body.  
 
Processes or landfill phases are influenced by the decomposition phases of the waste, i.e. the 
aerobic, anaerobic acid, intermediate methanogenic, stabilised methanogenic and final aerobic 
phases (Figure 4.1). Generally speaking, the various landfill parts are in different phases of 
degradation. The flow rate and pollutant content of LWW is significantly influenced by the 
closing of old landfill areas and the opening of new ones. 
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Figure 4.1. The lifetime of a landfill showing general trends in gas and leachate quality development 
(Kjeldsen, 2002) 
 
In each decomposition phase of waste, leachate of different composition is generated. Although it 
is usually balanced in a balancing tank, its pollutant content that changes over time, depending on 
the decomposition phase, has a significant effect on the treatment technology of leachate 
(Sumanaweera, 2010; Studies, 2010; Baun et al., 2003) (Paper I):  
 
Aerobic phase.  
Degradation initially starts under aerobic conditions. In the beginning of the aerobic phase, 
oxygen is quickly used up and this results in a release of CO2 and a rise in waste temperature (the 
exothermic stage). The compression of waste releases moisture, which creates leachate along with 
stormwater. When the oxygen sources run out, the environment in the waste layer becomes 
anaerobic and this contributes to the generation of fermentation. In this phase, proteins are 
degraded to amino acids and then into CO2, water, nitrates and sulphates. Carbohydrates are 
converted to carbon dioxide and water. Fats are hydrolysed to fatty acids and glycerol and are 
then further degraded into simple compounds through the formation of volatile acids and alkalis. 
Cellulose, which is the main organic fraction of the waste, is degraded by extracellular enzymes 
into glucose, which is subsequently converted into carbon dioxide and water by bacteria. 
 
Anaerobic acid phase 
In the second phase, hydrolytic and acetogenic bacteria dominate due to the accumulation of 
carboxylic acids, and pH decreases. The highest concentrations of BOD and COD can be 
measured in this phase. If the pH is acidic, the leachate of the acidic phase is chemically 
aggressive and can increase the solubility of many components. Metals are more soluble at this 
stage. Leachate in this phase is characterised by high BOD values usually greater than 10,000 
mgO2/l, high BOD:COD ratios generally greater than 0.7, acidic pH values from 5 to 6 (pH 
values from 4.7 to 7.7 and ammonia, 500–1,000 mgN/l due to the hydrolysis of proteinaceous 
compounds (Worell and Vesilind, 2010). 
 
Intermediate methanogenic phase  
This phase starts with the slow growth of methanogenic bacteria, and it may be inhibited by 
excess organic volatile acids, which are toxic to methanogenic bacteria. The CH4 concentration in 
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the gas increases while the hydrogen, CO2 and volatile fatty acid (VFA) concentration decrease. 
This is also the phase when cellulose and hemicellulose begin to decompose. The COD and BOD 
begin to decrease and the pH increases when the acids have been exhausted. The BOD:COD ratio 
can also increase when the carboxylic acids have been exhausted. Conversion of fatty acids 
increases the pH and alkalinity making calcium, iron, manganese and heavy metals less soluble. 
These metals precipitate as sulphides. Ammonia is released without conversion in the anaerobic 
environment. 
 
Stabilised methanogenic phase 
The CH4 production speed can reach its maximum and slow down when the supply of soluble 
substrate (carboxylic acid) decreases. In this phase, the CH4 production speed depends on the 
speed of cellulose and hemicellulose hydrolysis. The pH range for methanogenic bacteria is 6 to 
8. Low volatile acids and low total dissolved solids indicate that the solubilisation of most of the 
organic components has decreased at this stage. Therefore, the leachates at this stage are 
characterised by low BOD values and low BOD:COD ratios. In this phase, the BOD:COD ratio 
can drop down to 0.1, because carboxylic acid is being exhausted as fast as it is generated. 
 
The rate of degradation and the leachate content of pollutants are mostly dependent on the 
conditions within the landfill. An important factor is the moisture content of the waste. It is 
normal to send leachate or concentrate formed during leachate treatment back to the landfill, 
where the accumulation of hazardous substances takes place.  
 
At the Väätsa and Uikala landfills, the RO concentrate is conducted to the upper layers of the 
landfill. 
 
Final aerobic phase 
Waste continues to decompose until CH4 production is very low and the atmospheric air starts to 
diffuse into the landfill – then the landfill becomes aerobic.  
 
Biological degradation methods comprise of aerobic and anaerobic degradation techniques. In the 
published research, the decomposition of municipal solid waste (MSW) in landfills was carried 
out in five phases as shown in Figure 4.2. The decomposition phases were: I) initial adjustment, 
II) transition phase, III) acid phase, IV) methane formation phase and V) maturation phase 
(Tchobanoglous et al., 1993). 
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Figure 4.2. Gas composition and LLE characteristics at different phases of decomposition (Tchobanoglous 
and Kreith, 2002) 
 
Pollutants in domestic waste LLE can be divided into four groups (Studies, 2010; Tengrui et al., 
2007):  

 dissolved organic matter COD or TOC, VFA, humic substances, which consist of humic 
acids, fulvic acid and humans; 

 inorganic compounds (e.g., calcium, potassium, sodium, ammonium, magnesium, iron, 
manganese, sulphates, sodium, bicarbonate and chlorides); 

 heavy metals (e.g., nickel, lead, copper, chromium, cadmium, iron, and zinc); 
 xenobiotic organic materials from households or industrial chemicals (aromatic 

bicarbonates, phenols, pesticides, etc.). 
 
Aerobic and anaerobic decomposition of the organic materials results in both liquid (leachate) and 
gaseous end products (Weiner and Matthews, 2003). The produced leachate could contain a large 
volume of pollutants measured as COD, BOD5, NH3-N, SS, heavy metals, phenols, P, etc. (Tables 
4.2 and 4.3) (Uygur and Kargi, 2004; Renou et al., 2008; Foul et al., 2009; Aziz et al., 2010). 
 
Table 4.2 shows that it is difficult to associate the composition of LLE with the standard 
characteristics of LWW presented in different publications, and with the landfill age 
classification. The reason for this in Estonian landfills, compared to other European countries, is 
that the composition of waste is different in each landfill and the waste is treated differently (in 
Estonia, the importance of waste separate collection, sorting, recycling and waste incineration is 
increasing, and the importance of waste landfilling is decreasing, etc.). 
 
 
 
 
 



20 

Table 4.2. Typical LLE characteristics 
 
Parameter Unit Landfills in Estonia 

(2007 medium data) (Studies, 2010) 
Type of LLE (Alvarez-Vazques et al., 

2004; Chian and DeWalle, 1976) 
Jõelähtme 

(4 years old) 
Uikala 

(6 years 
old) 

Väätsa 
(7 years 

old) 

Young 
(< 5 years) 

Intermediate 
(5–10 years) 

Stabilised 
(> 10 years) 

pH  7.7 7.5 7.7 < 6.5 6.5–7.5 > 7.5 
COD mgO/l 8,160 2,538 1,366 > 10,000 4,000–10,000 < 4,000 
BOD5/COD  0.57d 0.34d 0.39d 0.5–1.0 0.1–0.5 < 0.1 
NH3-N mgN/l NH4-N 879 NH4-N 

592 
NH4-N 

198 
< 400 NAc > 400 

TOC/COD  0.26 0.27 0.27 < 0.3 0.3–0.5 > 0.5 
Kjeldahl 
nitrogen 

gN/l TN - 1.1 TN - 1.07 TN - 0.3 0.1–0.2 NAc NAc 

Heavy 
metals 

mg/l Low Low Low Low to 
medium 

Low Low 

Biodegrada-
bility 

 Medium Medium Medium Important Medium Low 

a VFA, b humic and fulvic acids, c not available, d BOD7:COD ratio 
 
If the BODt:COD ratio is ≥ 0.5, biological treatment can be used; if  < 0.5, wastewater is to be 
treated using other methods (Kuusik, 1995). 
 
Stabilised leachate contains much more refractory organics than young leachate. In this respect, 
young LLE (age < 5 years) is typically characterised by high biodegradable organic compounds 
such as VFA, BOD5 and COD concentrations, as well as quite a high volume of NH3-N and a 
high BOD5:COD ratio. In contrast, stabilised LLE (age > 10 years) normally contains a high 
volume of NH3-N, moderately high COD and a low BOD5:COD ratio (less than 0.1), and the 
substance is generally not readily degradable organic matter (Tables 4.2 and 4.3) (Aziz, 2016; 
Alvarez-Vazquez et al., 2004; Chian and DeWalle, 1976). 
 
In Estonia, the average conductivity of landfill leachate is high: Jõelähtme 14,977 µS/cm, Uikala 
15,072 µS/cm and Väätsa 8,090 µS/cm) and the leachate is slightly alkaline (Table 4.2) (Studies, 
2010). It is difficult to classify Estonian landfills according to the criteria in Tables 4.2 and 4.3 
because new landfills are successively established and this significantly affects the pollutant 
content and pH of leachate. 
 
Table 4.3. LLE constituent content ranges as a function of the degree of landfill stabilisation (Worell and 
Vesilind, 2010)  
 

Parameter Phases 
Transition Acid 

Formation 
Methane 

Formation 
Maturation 

COD (mgO/l) 480–18,000 1,500–71,000 580–9,760 31–900 
Total volatile acids (mg/l as acetic 
acid) 

10–3,000 3,000–18,800 250–4,000 0 

NH3-N (mgN/l) 120–125 2–1,030 6–430 6–430 
pH 6.7 4.7–7.7 6.3–8.8 7.1–8.8 
Conductivity µS/cm 2,450–3,310 1,600–17,100 2,900–7,700 1,400–4,500 
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Very high concentrations of pollutants (and hence the pollution load) were measured for 
rainwater collected at the composting area in 2007: at the Jõelähtme landfill BOD7 3,960 mgO2/l, 
COD 7,530 mgO/l and at the Väätsa landfill BOD7 1,875 mgO2/l, COD 9,300 mgO/l. At 
Jõelähtme the measured LWW and leachate medium concentrations of pollutants in 2007 were: 
BOD7 1,885 mgO2/l, COD 4,170 mgO/l for the LWW and BOD7 4,668 mgO2/l and COD 8,160 
mgO/l for the leachate. The medium values of Uikala and Väätsa LWW and leachate, according 
to our investigations, are presented in Table 4.4 (Paper I).  
 
Solid waste LLE is mainly polluted by a high concentration of organic substances and nitrogen 
that fluctuate to a great extent depending on precipitation (Table 4.1) (Studies, 2010). 
 
Table 4.4. Measured LWW and average pollutant concent of leachate in 2007 at the Väätsa and Uikala 
landfills (Studies, 2010) (Paper I) 
 

Parameter Unit Väätsa landfill (medium) Uikala landfill (medium) 

Wastewater Leachate Wastewater Leachate 
pH  6.75 7.7 7.9 7.5 
conductivity µS/cm 5,545 8,090 14,010 14,553 
SS mg/l 650 400 411 298 
BOD7 mgO2/l 1,015 529 1,196 697 
COD mgO/l 4,859 1,366 3,855 2,538 
TOC mgC/l 1,313 375 1,073 718 
NH4-N mgN/l 94 198 562 592 
TN mgN/l 297 298 820 1,072 
TP mgP/l 22.0 4.6 4.5 6.1 
HCO3 mg/l 2,800 3,805 6,470 7,260 
SO4 mg/l 290 588 401 172 
Cl mg/l 107 439 1,593 1,553 
monobasic phenols mg/l 235 49 2,590 1,510 
dibasic phenols mg/l 23 140 1,878 1,005 
hydrocarbon mg/l < 20 29 < 20 60 
Fe2+ mg/l 7.4 2.0 1.2 0.6 
Fe3+ mg/l 5.3 8.0 14.7 21.4 
Hg µg/l 0.05 0.15 < 0.05 < 0.05 
Ag mg/l 0.01 < 0.01 < 0.01 < 0.01 
Cd mg/l < 0.02 < 0.02 < 0.02 < 0.02 
Cr mg/l 0.032 0.187 0.286 0.260 
Mg mg/l 105 108 293 283 
Mn mg/l 0.260 0.273 0.367 0.557 
Na mg/l 58 675 1,400 1,425 
Ni mg/l 0.041 0.090 0.061 0.080 
Pb mg/l < 0.04 < 0.04 < 0.04 < 0.04 
Zn mg/l < 0.1 < 0.1 < 0.1 < 0.1 
Cu mg/l 0.04 0.09 < 0.02 0.023 

 
Table 4.4 shows that at the Väätsa and Uikala landfills the the SS, BOD7, COD and TOC of the 
LWW (together with leachate, polluted rainwater runoff from composting areas and wastewater 
collected from the landfill territory) were significantly higher than in the leachate. This was 
mainly purposed by to the high level of pollutants in the rainwater runoff from composting areas. 
The content of TN and TP was variable, but the concentration of TN was slightly higher in the 
leachate, and the concentration of TP higher in the LWW. The metal content was low (see Table 
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4.3), which can be due to a very high concentration of sulphates and a high conductivity, which 
creates favourable conditions for the metals to precipitate.  
 
Study results show that (Studies, 2010) (Papers I and III): 

 the pollutant content of the LWW increased significantly during rainfalls, depending on 
the intensity of precipitation and composition and amount of biodegradable waste, 
deposited on watertight areas: for up to 40 % for SS, 50 % for BOD7 and 70 % for COD. 
The pollution load of TN increased by 20 % and by up to 40 % for TP;  

 LLE has a very high TN concentration and low concentration of TP. The leachate contains 
high levels of COD and BOD7;  

 the metal content of LWW and leachate is low due a high pH;  
 dumping of waste tyres in the base lift leads to an increase in the concentration of iron in 

the leachate (up to 6–8 mg/l). Iron is responsible for corrosion that may continue for up to 
5–6 years leading to a blockage of the drainage. As a result of a fire on Paikre landfill, the 
iron concentration of iron in LWW increased twofold (17 mg/l);  

 LLE may be toxic and hinder biological treatment; 
 in 2007, the BOD7:COD ratio values in different samples were as follows: Väätsa 0.3–0.5, 

Jõelähtme 0.2–0.7, Uikala 0.2–0.6. In 2010, however, the BOD7:COD ratio in the Väätsa 
LLE was less than 0.1. This was caused by the presence of humic and fulvic acids, 
tannins, lignin and hazardous organic chemicals, pesticides and herbicides, which 
decreased the biodegradability of the wastewater;  

 at all of the investigated landfills, the optimal ratio of BOD:N:P for biological treatment 
(100:5:1) was out of balance, indicating a deficit of phosphorus. For example, in 2007, in 
the Väätsa LWW, the ratio BOD7:TN:TP was in average 46:14:1 and in the LLE 115:65:1. 
In the Uikala LWW, this ratio was 267:183:1 and in the LLE 115:177:1;  

 the temperature of LWW, including leachate, was from October to April between 1 °C and 
4 °C, which significantly hindered the biological treatment process. The degree of 
purification of RO increased 3 % for each degree of temperature rise.  

 
Since the goal is to significantly decrease the volume of biodegradable domestic waste in 
landfills, changes in the pollutant content of leachate are expected. The TOC, KHT and BHT of 
the leachate abviously decrease. The concentration of heavy metals will not change 
significantly, due to the slightly alkaline environment and the high concentration of 
sulphates that contribute to the precipitation of metals from the leachate. The toxicity of the 
leachate will somewhat decrease due to fewer sources of nitrogen being dumped in the 
landfills. It is difficult to predict the behaviour of other substances and compounds, due to 
the lack of studies undertaken on this matter. All this should be taken into consideration when 
planning new WWTP-s for landfills (Papers I and III). 
 
 
4.2. Environmental standards of landfills  
 
In the last decade, the recovery of waste materials has increased in Estonia, and this is related to 
the increase in the importance of the separate collection and sorting of waste. The landfilling of 
domestic waste has decreased slowly but surely, which relates to a growing trend of waste 
incineration for energy production. The economic recession of 2007–2009 affected the generation 
of waste significantly. The mentioned trends in generating and treating waste significantly affect 
the amount and pollutant content of wastewater generated at landfills. At the landfills and their 
surrounding areas, the environment is endangered by LWW (including leachate) as well as by 
volatile gases and pollutants emitted from landfilled waste, compost and in the waste sorting 
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process. The waste treatment process as a whole causes unpleasant odours. The waste treatment 
taking place at waste generators and in landfills must be approached in tandem with the caused 
environmental impact. Reducing the environmental impact begins at the generators of waste in 
the form of separate collection and recovery of waste, and continues at waste management centres 
when sorting waste, landfilling unrecoverable waste, collecting landfill gas, treating LWW 
(including leachate) and/or using it for moistening landfilled waste, producing biogas by digesting 
biodegradable waste, and producing electricity and thermal energy from biogas in combined heat 
and power plants (Environmental, 2004; Environmental, 2008; Strategic, 2009). 
 
The developed countries of the world (including Estonia) have veered towards integrated solid 
waste management (ISWM), which aims to dispose of the ever growing volume of waste in an 
environmentally and health-friendly way while keeping the costs to a minimum. ISWM is a 
comprehensive waste prevention, recycling, composting and disposal programme. An effective 
ISWM system considers how to prevent, recycle and manage solid waste in ways that most 
effectively protect human health and the environment. The major ISWM activities are waste 
prevention, recycling and composting, combustion and disposal in properly designed, constructed 
and managed landfills. 
 
In accordance with the end-of-waste criteria (EoW), waste ceases to be waste and begins to be a 
product again after it has undergone recovery operations, including recycling, and meets certain 
criteria. The aim is to set quality criteria for certain waste streams that, when met, would allow 
these wastes to be considered a (new) product either as a) a fertiliser or soil improving substance 
or its component; b) a building material or its component; or c) soil (End of waste criteria, 2008). 
 
According to the Estonian National Waste Management Plan 2014–2020, it is of primary 
importance to decrease the entire volume of deposited waste (National, 2014). In Estonia, the 
requirements for producing compost from biodegradable waste and the quality and safety 
characteristics of compost (on the basis of the criteria that allow waste to cease being waste) are 
imposed by Regulation No. 7 of the Minister of the Environment from 08.04.2013 entitled 
“Requirements for compost production from biodegradable waste” (RT I, 10.04.2013, 1). In order 
to protect surface water, groundwater, soil, fauna, flora and human beings from the negative 
impact of sewage sludge from the most common biodegradable waste in Estonia, the use of 
sewage sludge in agriculture, landscaping and recultivation is regulated with Regulation No. 78 of 
the Minister of the Environment from 30.12.2002 entitled “Requirements for using sewage sludge 
in agriculture, landscaping and recultivation” (RTL 2003, 5, 48). 
 
Another issue is the treatment of biodegradable animal waste. If the aim is to use animal by-
products as one of raw materials for producing digestate and biogas, in Estonia one must follow 
the Infectious Animal Disease Control Act (RT I 1999, 57, 598), which is based on EC 
Regulation No. 1774/2002 and lays down the health rules concerning animal by-products not 
intended for human consumption (EC Regulation No. 1774/2002), and its amendment EC 
Regulation No. 208/2006 (EC Regulation No. 208/2006), which establish strict health rules for 
the use of animal by-products, so as to ensure a high level of health and safety. The waste 
treatment of animal by-products in biodegradable operations is to adhere to this Directive. 
 
The Waste Framework Directive 2008/98/EC established a legal framework for the treatment of 
waste in the EU. It sets out the basic concepts and definitions related to waste treatment and lays 
down waste treatment principles for all other EU legislation related to waste, such as the “polluter 
pays principle” and “waste hierarchy”. The Directive introduces a five-step European waste 
hierarchy (EC Directive 2008/98/EC): 



24 

 prevention – preventing and reducing waste generation; 
 reuse and preparation for reuse – giving the products a second life before they become 

waste; 
 recycle – any recovery operation by which waste materials are reprocessed into products, 

materials or substances whether for their original or other purpose. It includes composting 
and it does not include incineration; 

 recovery – some waste incineration based on a political non-scientific formula that 
upgrades the less inefficient incinerators; 

 disposal – processes to dispose of waste be it landfilling, incineration, pyrolysis, 
gasification and other finalist solutions. 

 
Council Directive on the landfill of waste obliges Member States to minimise biodegradable 
waste to landfills to 75 % by 2006, 50 % by 2009 and 35 % by 2016 (mass percents compared to 
the total volume of deposited domestic waste in 1995), and to treat it before disposal (EC 
Directive 1999/31/EC). The Estonian Waste Act has stipulated limits for depositing 
biodegradable waste into landfills. By the year 2020, the share of biodegradable waste in the 
deposited domestic waste must not exceed 20 % (RT I, 23.03.2015, 204). According to the 
Estonian National Waste Management Plan 2014-2020, 30 % of waste will be recycled as organic 
material, 3 % as compost and 10 % as anaerobic fermentation digestate, 40 % will be incinerated, 
8.5 % will be used in the cement industry as refuse derived fuel and 8.5 % will be landfilled by 
2020 (National, 2014). 
 
According to Regulation No. 38 of the Minister of the Environment from 15.08.2004 (Landfill 
construction, operation and closure requirements), a landfill with biodegradable waste must be 
equipped with gas capture and collection equipment in order to avoid uncontrolled collection and 
outflow of biogas (RTL 2004, 56, 938). In the Estonian National Waste Management Plan 2014–
2020, it is taken into account that a compliant collecting of landfill gas will take place in 2020. On 
average, 50 % of landfill gas will be collected and part of it will be used in electricity production 
(National, 2014). 
 
In most cases, LWW is treated by a combination of different treatment methods. The treatment 
technologies that have been used and are in use today as well as the pollutant levels in the effluent 
from some landfills have not been able to stay below the levels prescribed by law. 
 
In Estonia, LWW treatment is regulated by the Estonian Water Act (RT I, 30.06.2015, 4) and 
related legislative acts. LWW is treated on-site or directed into the closest suitable WWTP 
according to the requirements of Regulation No. 38 of the Minister of the Environment from 
15.08.2004 (Landfill construction, operation and closure requirements) (RTL 2004, 56, 938). The 
requirements for LWW treatment are the same as for those for domestic wastewater. The 
requirements for the treatment of wastewater (including LWW) and for discharging effluent and 
stormwater to recipients, the limit values of indicators of pollution of effluent and stormwater and 
the actions for controlling the compliance with the requirements can be found in Government 
Regulation No. 99 from 29.11.2012 (RT I, 04.12.2012, 1), see also Table 4.6. The requirements 
established by the regulation for the TP and TN content of LWW apply only to effluent 
discharged to recipients through an outlet structure located separately from the public sewerage 
system. The limit value for the TP content of LWW is 2 mg P/l and the degree of purification of 
wastewater is 80 %, while the TN content limit value is 75 mg N/l and the degree of purification  
75 % (RT I, 04.12.2012, 1). In comparison, the Waste Framework Directive 2008/98/EC states 
that appropriate measures shall be taken, with respect to the characteristics of the landfill and the 
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meteorological conditions, in order to treat contaminated water and leachate collected from the 
landfill according to the appropriate standard required for their discharge.  
 
The objective of the Urban Wastewater Treatment EC Directive 91/271/EEC is to protect the 
environment from the adverse effects of urban wastewater discharges as well as certain industrial 
sectors, to protect the environment from the adverse effects of the treated wastewater effluent, 
secondary or tertiary treatment in less sensitive areas. LWW must be treated biologically 
according to Directive articles 4 and 5 and in Table 4.5. 
 
Table 4.5. Requirements for discharges from urban WWTP-s subject to Articles 4 and 5 of the Directive. 
The values for the percentage of reduction shall apply (EC Directive 91/271/EEC)  
 

Parameter Concentration Minimum 
percentage of 
reduction 

Comment 

BOD5 at 20 ºC 
without 
nitrification* 

25 mg O2/l 70–90** * The parameter can be replaced by another 
parameter: TOC if a relationship can be 
established between BOD5 and the substitute 
parameter. 
** Reduction in relation to the load of the 
influent.

COD 125 mg O/l 75  
Total SS  35 mg/l*** 

35 (more than 
10,000 p.e.) 
60 (2,000– 
10,000 p.e.)

90 
90 (more than 
10,000 p.e.) 
70 (2,000–
10,000 p.e.)

*** This requirement is optional. 
Under Article 4 (2). 

TP  2 mg P/l (10,000–
100,000 p.e.)

80**** **** Reduction in relation to the load of the 
influent.

TN***** 15 mg N/l (i.e. 
10,000–100,000) 

70–80 ***** Total nitrogen means: sum of total 
Kjeldahl-nitrogen (organic N + NH3), nitrate 
(NO3) and nitrites (NO2) nitrogen. This 
requirement refers to a water temperature of 
12 °C or more during the operation of the 
biological reactor of the WWTP. 

 
Based on the Urban Wastewater Treatment EC Directive 91/271/EEC, the requirements for 
discharges from LWW treatment plants are established in the EU countries. The limit values of 
pollutants are also established for LWW that is discharged into the public sewerage system. Table 
4.6 shows the limit values of pollutants for wastewater or effluent if discharged into the public 
sewerage system or surface water in Germany, the Netherlands, Austria, Switzerland and Estonia 
that have to be taken into account when choosing the treatment technology for LWW. 
 
Table 4.6 shows that different EU countries have different limit values and partially do not 
correspond to the data in Table 4.5, as well as with the data in Directive 2008/105/EC from 16 
December 2008 of the European Parliament and of the Council. Estonian legislation on 
wastewater discharges to the environment is in adjustment. The differences result from the 
differences in the flow rate and the ecological condition of watercourses (as recipients of effluent) 
in the member countries, which also result in differences in environmental policy. In Estonia, the 
limit values for metals and hazardous substances meet the limit values established in Directive 
2008/105/EC from 16 December 2008 of the European Parliament and of the Council, and are 
significantly stricter than in other EU countries (Table 4.6).  
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In Finland, LWW is widely discharged into the public sewerage system. In Lithuania, Sweden 
and Germany, LWW is generally treated on-site (Giržadas, 2009; Ehring et al., 1988; Analysen, 
1988; Ehring, 1989; Johansen and Carlson, 1976). 

Table 4.6. The limit values of pollutants for LWW or effluent discharged into the public sewerage system or 
surface water  (Kaartinen et al., 2009, RT I, 04.12.2012, 1; RTL 2003, 110, 1736; RT I, 30.06.2015, 4; RT 
I, 08.01.2016, 10) 

Parameter Unit Germany 
to surface 
water / to 

public 
sewerage 
system 

Netherlands 
to surface 
water / to 

public 
sewerage 
system 

Austria 
to surface water 

(Christensen, 
2010) / to 

public sewerage 
system

Switzer- 
land 

to public 
sewerage 
system 

Estonia 
to surface water (RT 
I, 04.12.2012, 1) / to 

public sewerage 
system (RTL 2003, 

110, 1736) 
SS mg/l -/- -/- -/- - 25/500 c 
COD mgO/l 200/400 -/- 50/75–90 max b 125/750 c 
BOD5 mgO2/l 20/- 7–20/ 

300–400 
10/- - BOD7 15/ BOD7 375 c 

TN mgN/l 70 a/- 8–15 b/300 -/- - 75/125 c 
NH4-N mgN/l -/- 4–8 b/200 NH4

+ 10/b b -/ c) 
NO2-N mgN/l 2/- 1–4 b/- -/1.5 0.3 -/ c) 
Hydrocarbons mg/l 10/- -/- -/- 10 -/ c) 
TP mgP/l 3/- -/- -/- - 2/15, c 
Hg mg/l 0.05/0.05 0.0005/ 

0.002 
0.01/0.01 0.01 0.00007 f/ 0.05 

Cd mg/l 0.1/0.1 0.003/0.01 0.1/0.1 0.1 ≤ 0.00045–0.0015 f/0.2 
Cr (tot) mg/l 0.5/0.5 -/- 0.5/2.1 2.1 0.005 d/0.5 
Cr (-VI) mg/l 0.1/0.1 0.075/0.375 -/0.1 0.1 0.005 d/ 0.1 
Ni mg/l 1/1.0 0.1/0.17 0.5/2 2 0.034 f/1.0 
Pb mg/l 0.5/0.5 0.05/0.2 0.5/1 0.5 0.014 f/0.5 
Cu mg/l 0.5/0.5 0.05/0.25 0.5/1 0.5 0.015 d/ 2.0 
Zn mg/l 2/2 0.2/1 0.5/3 2 0.01 d/2.0 
As mg/l 0.1/- -/- -/- - 0.01 d/0.2 
Cyanide mg/l 0.2/0.2 -/- -/- - e/0.2 
Sulphide mg/l 1/1.0 -/- 0.5/- - e/- 
AOX mg/l 0.5/0.5 -/- 0.5/- - e/1.0 
Sulphate mg/l -/- 500/200 -/b 300 e/- 
Chloride mg/l -/- -/- -/b b e/- 

a up to 100 mg N/l is allowed if the degree of purification is > 75 %; 
b depends on the configuration of the treatment equipment of the public sewerage system and the conditions of the 
water body; 
c according to the conditions established by the local authorities (Tallinn City Council, pollution group RG-3, limit 
values (RT IV, 07.08.2013, 17)); 
d environmental quality limit values for river basin specific pollutants in surface water and in effluent and stormwater 
discharged to a water body and ground (RT I, 30.06.2015, 4; RT I, 04.12.2012, 1; RT I, 08.01.2016, 10); 
e in accordance with the Water Act (RT I, 30.06.2015, 4) and the requirements of the permit for the special use of 
water; 
f the highest environmental quality limits value for inland surface water. The limit value for Cd concentration depends 
on the hardness class of the water (RT I, 30.06.2015, 4; RT I, 04.12.2012, 1; RT I, 08.01.2016, 10).  

The tendency of LWW treatment on-site is related to the ever-tightening requirements for the 
pollutant concentration and toxicity of wastewater discharged into the public sewerage system, 
the increasing costs of the treatment service, and lastly the arising issues with heavy metals, waste 
incineration and ash disposal (Kaartinen et al., 2009). 
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The biological co-treatment of leachate and domestic wastewater is widely used because of its 
various technological and economic advantages (Tallinn and Pärnu domestic WWTP-s as well as 
the LWW from the landfills Jõelähtme and Paikre are co-treated) (Paper III). 
 
At the Jõelähtme and Paikre landfills, regulations approved by the Tallinn and Pärnu city councils 
(such as Regulation No. 53 by Tallinn City Council from 14.06.2006 “Wastewater discharge fee 
differentiation guidelines” (RT IV, 07.08.2013, 17)) should be taken into account when 
discharging LWW into the public sewerage system. The regulation is used for differentiating 
between the fee for discharging LWW into the public sewerage system according to the pollutant 
concentration in the wastewater (see also Table 4.6). In order to reduce the fine concerning the 
above standard pollution, LWW or leachate must be treated on-site before it can be discharged 
into the public sewerage system. However, to avoid the hindering influence of leachate in the 
treatment processes and to guarantee the quality of the treated water, it is essential that the share 
of leachate in the mixture does not increase above 5–10 % (Di Iaconi et al., 2006; Ried and 
Mielcke, 1999). 
 
Our research results have shown that efficient treatment of LWW (including leachate) is 
complicated by the significantly variable pollutant concentration and flow rate of LWW (which 
depend on the landfill waste layer age and intensity of precipitation), the low temperature of 
LWW in winter and early spring, very high values of certain parameters (BOD, COD, TN) and 
the high toxicity of LWW. At present, the concentration of metals and other hazardous substances 
(see Table 4.4) in LWW and leachate exceeds the limit values for effluent established by new 
legislation (see Table 4.6). Achieving such a degree of purification of LWW which is established 
by Estonian legislation (which has been harmonised with the Directive 2008/105/EC of the 
European Parliament and of the Council), is technologically very complicated, costly and 
economically unjustified.  

 
 
5. RESULTS AND DISCUSSION 
 
5.1 Decreasing the amount, equalisation and treatment of landfill wastewater 
 
The rain and snowmelt water runoff from paved areas (including composting areas) is quickly 
directed into an equalising tank. The retention time of rainwater in the waste deposit depends on 
the thickness and density of waste layers. The flow rate, pollutant content and pollution load of 
the LWW have a big impact on the efficiency and economy of LWW treatment. The hindering 
factors for the aerobic biological treatment of LWW (for example aerated lagoons, AS, 
sequencing batch reactors, biofilm reactors) and physical treatment processes (for example RO) 
are the large fluctuation of the flow rate and pollutant content of the LWW, low temperature in 
winter (from 1 to 4 ºC) and the toxicity of the leachate. In the case of heavy rainfall and 
snowmelt, one has to deal with very big hydraulic and pollutant shock loads (Table 4.1). During a 
longer drought period, the flow rate of the LWW may be close or even equal to zero. LWW 
contains chemical substances that are difficult to degrade and, as a rule, is heavily polluted by 
organic and inorganic compounds (Tables 4.2 and 4.4) (Paper I). LWW or leachate treatment 
faces three specific problems, usually not met in sewage treatment: large variations of flow, 
changes in composition over time and changes in composition for new landfill sections 
(Christensen, 2010; Studies, 2010). 
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To decrease the pollution load, flow rate and toxicity of the wastewater requiring treatment, 
composting of biodegradable waste in landfills and conduction of runoff from composting areas 
into equalisation tanks should be terminated. Biogas and nutrient-rich digestate are produced 
when applying methane fermentation to biodegradable waste.  
 
In the waste deposit recirculation of leachate as well as equalisation of the flow rate and pollutant 
concentration of the LWW take place. The LWW, including leachate, is considered to be toxic 
and hinders the microbiological processes in the biological treatment process. The LWW toxicity 
should be taken into account while choosing the technology for LWW treatment. Equalising tanks 
are used for minimising the flow rate and toxicity of LWW to the treatment plant as well as 
equalising the pollutant load and concentrations (Paper III). 
 
Unpolluted rainwater can be collected separately and used for irrigating the waste deposits to 
promote biogas production or to dilute the leachate during drought periods to promote its 
treatment. Polluted rainwater and leachate are to be conducted to an equalising tank. In 
dimensioning equalising tanks, it should be taken into account that, according to a previous study, 
the share of rainwater that flows from a landfill is up to 20 % for old landfills and up to 60 % for 
new landfills (Studies, 2010). The volume of the equalising tank and fluctuation range of its water 
level is determined using an integral graph compiled on the basis of annual rows of runoff values, 
so that the buffering capacity of the equalising tank would be maintained for whole year round. 
The water from the equalising tank can be used for putting out possible fires in the waste deposit 
as has happened at the Torma and Paikre landfills (Paper III). 
 
Many studies and handbooks have described different methods for the treatment of LWW and 
leachate. Examples of leachate treatment activities are, as follows (Christensen, 2010; 
Sumanaweera, 2010; Studies, 2010; Aziz and Amr, 2016; Guidance, 2006; Wang, 2007; Wang, 
2006; Cervantes, 2009): 

 physical treatment processes: air stripping (CH4 stripping, removal of ammonia-N, and 
stripping of other volatile pollutants); RO; removal of solids (sedimentation and 
settlement, sand filtration and dissolved air flotation); activated carbon adsorption 
(powdered and granular activated carbon); ion exchange and evaporation/concentration; 

 chemical treatment processes: chemical oxidation processes (ozonation and hydrogen 
peroxide) and precipitation/coagulation/flocculation (chemical precipitation of metals, 
and coagulation and flocculation); 

 aerobic biological treatment processes: suspended growth systems (aerated lagoons, AS, 
sequencing batch reactors and membrane bioreactors), attached growth systems 
(percolating filters, rotating biological contactors, biological aerated filters/submerged 
biological aerated filters and biofilm reactors); 

 aerobic/anaerobic biological treatment processes: engineered wetlands (horizontal flow 
reed beds, vertical flow reed beds and wetland ponds). 

 
Traditionally, aerobic biological oxidation is the most widely used treatment method (treatment 
with AS and biofilms), but the results of this treatment are not satisfactory due to the specifics of 
generation and contents of the LWW (Boyle and Ham, 1974). Combinations of aerobic and 
anaerobic biological oxidation have been used for the treatment of LLE (Kettunen, 1997). 
Aerobic/anaerobic biological treatment processes are engineered wetlands (horizontal flow reed 
beds, vertical flow reed beds and wetland ponds) (Boyle and Ham, 1974; Mahlum and Stalnacke, 
1999; Mahlum, 1988; Mander and Mauring, 1977; Jenssen et al., 1996). Wetland treatment may 
function better in warmer climates that allow the vegetation to flourish for a greater portion of the 
year (Townsend et al., 2015). 
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In Norway, there are 250 domestic landfills, with 30 of those using aerated ponds, wetlands and 
land filtration with vertical or horizontal flow (widely used, even in regions with colder climates) 
for leachate treatment. A general requirement is that water’s hydraulic retention period in the 
system should be at least 20 days (Johansen and Carlson, 1976). The created wetlands 
successfully purify leachate from organic compounds and SS, but there are issues with the 
removal of N and P, as well as high concentrations of BOD and COD (Mahlum, 1988; Mander 
and Mauring, 1977; Jenssen et al., 1996). Groundwater pollution must be precluded. Biological 
treatment technologies are largely efficient in the case of young domestic landfills, if the 
BOD:COD ratio is greater than 0.5 (Studies, 2010) (Paper III). 
 
According to published research data, the most tested and used physicochemical processes are 
ion-exchange, ammonia stripping, struvite precipitation, membrane separation (RO), Fenton 
process, ozonation and oxidation processes (Boyle and Ham, 1974; Giržadas, 2009; Goi et al., 
2008; Christensen, 2010; Sumanaweera, 2010; Aziz and Amr, 2016; Wang, 2007; Wang, 2006; 
Cervantes, 2009). 
 
Coagulation/flocculation and active carbon adsorption are the most commonly used physical-
chemical treatment methods (Wang et al., 2007). Struvite precipitation is recommended for 
removing ammonia. Both membrane reactors and struvite precipitation may be used for the 
treatment of wastewater from young landfills after anaerobic pretreatment (Wang et al., 2007). 
 
Ozonation in combination with biological treatment decreases the toxicity of wastewater, the 
volume of the required oxidant and financial costs, and increases the biodegradability of the 
wastewater (Gottschalk et al., 2002). 
 
Chemical oxidation including ozonation is the only process for decomposing organic matter that 
is unmetabolised by microorganisms. The aim of preozonation is to improve the biodegradability 
of the treated wastewater, whereas post-ozonation aims at the advanced treatment of wastewater 
(Di Iaconi et al., 2006; Beaman et al., 1998; Huang et al., 1993). After ozonation, the 
biodegradability of the processed water is increased, indicating the requirement of additional 
biotreatment (Ried and Mielcke, 1999; Kamenev et al., 2008). The main areas for using ozone are 
disinfection, oxidation of organic substances and compounds, removal of taste, smell and colour, 
and increasing biodegradability (Gottschalk et al., 2002). 
 
The Fenton-process consists of four stages: oxidation, neutralising, coagulation/flocculation and 
separation of the solid and liquid phases (Di Iaconi et al., 2006; Lopez et al., 2004; Gau and 
Chang, 1996). Under optimal conditions the Fenton-process can decrease the COD by 70 % (Goi 
et al., 2008). The Fenton-process may be used for both pretreatment of LWW before biological 
treatment as well as for posttreatment (Di Iaconi et al., 2006; Lopez et al., 2004; Gau and Chang, 
1996). In this process, the toxicity of treated wastewater decreases with the increase in its 
biodegradability (Lopez et al., 2004; Goi et al., 2008). In practice, the Fenton-process is used in 
the posttreatment stage, but it has also been recommended for processing LWW before biological 
treatment with the aim of increasing its biodegradability (Di Iaconi et al., 2006; Lopez et al., 
2004). 
 
In many countries, reverse osmosis, a very efficient treatment technology, is widely used for 
treating leachate and LWW at landfills of different age (Christensen, 2010; Sumanaweera, 2010; 
Studies, 2010; Aziz and Amr, 2016; Wang, 2007; Wang, 2006; Cervantes, 2009). 
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Lately, biological processes such as nitrification-denitrification (SBR – sequencing batch reactors, 
lagoons, membrane bioreactors, denitrification processes), nitrification-denitrification processes 
and nitrification-Anammox processes have become used for LWW treatment (Cervantes, 2009). 
 
Generally, biological treatment methods are effective for leachate from young (< 5 years) landfills 
or freshly landfilled waste, but ineffective for leachate from older (> 10 years) landfills. In 
contrast, physical-chemical techniques that are not favoured for young leachate treatment are 
advised for older leachate treatment (Studies, 2010; Aziz, 2013; Aziz, 2014). A combination of 
physical-chemical and biological methods (such as adsorption and aerobic processes) is efficient 
in removal of hazardous pollutants from mature LLE (Aziz and Amr, 2016; Aziz, 2013). The 
high efficiency of leachate treatment methods versus leachate age can be seen in young (< 5 
years) and stabilised (> 10 years) leachate treatment with NF and RO, while ion exchange has 
also produced good results (Studies, 2010; Abbas et al., 2009; Aziz, 2013). 
 
With more restrictive effluent standards, and a focus on additional parameters, leachate treatment 
is becoming more complex, and today they are a combination of different treatment steps in many 
cases leachate treatments plants (Christensen, 2010). Figure 5.1 presents a flow sheet of 
frequently used leachate treatment options. 
 

 
 

Figure 5.1. Flow scheme of possible leachate treatment systems (Christensen, 2010) 
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Publications and practical experience has shown that the best treatment methods for leachate and 
LWW from the opening until closing of the landfill are physicochemical processes with 
membrane separation (RO and NF), ion exchange process and different combinations of 
biological and physicochemical processes (Christensen, 2010; Aziz and Amr, 2016). 
 
 
5.1.1. Results of experiments on landfill wastewater treatment methods  
 
In the TUT Department of Environmental Engineering laboratory (LWW treatment with AS and 
biological filter with light gravel submerged support media) and in the Department of Chemistry 
laboratory (the rest of tests), different technologies for treating LWW were tested in the years 
2007–2014. The results of laboratory studies have been presented as follows (Studies, 2010) 
(Paper III):  

 aerobic biological oxidation (percolation, treatment with AS and submerged biological 
filter) of wastewater from the Väätsa landfill (which was opened at the end of 2000) was 
performed in 2009. The COD values of the LWW varied from 1,000 to 3,500 mgO/l and 
BOD7 from 50 to 350 mgO2/l. The biodegradability (BOD/COD) of the LWW was very 
small (below 0.1), and this allowed to achieve a decrease of the COD of LWW by only 
30–50 %. Conclusion: aerobic biological oxidation alone does not guarantee a sufficient 
degree of purification if the biodegradability of LWW is low; 

 the ozonation reactor allowed to achieve a 9 % decrease of the COD of LWW. In the first 
20 minutes, the BOD increased by 5 % and later began to fall. The reaction of pollutants 
with ozone was very slow and depended on specific conditions. Therefore, the ozonation 
of LWW was not considered to be an efficient treatment method. The COD somewhat 
decreased but the overall efficiency remained low. The colour and odour were removed 
but the biodegradability of the LWW did not change; 

 the coagulation process allowed to decrease the COD of LWW by 23 % and post-
ozonation by a further 11 %. Post-ozonation of the coagulated LWW was not efficient. 
Additional costs are required for the purchase of reagents and treatment of the residual 
sediments; 

 post-ozonation of the LWW that had been biologically treated in the AS plant decreased 
the COD by 13 %. The efficiency of this process was found to be low; 

 post-ozonation of the effluent discharged from the treatment plant into the recipient 
increased the biodegradability of BOD/COD from 0.02 to 0.11 and COD decreased by 50 
%. The efficiency of that process was sufficient. 

 post-ozonation of LWW that had been biologically treated in laboratory equipment 
increased the biodegradability of BOD/COD from 0.006 to 0.056. The efficiency of post-
ozonation was recorded as 24.4 % for COD. Biological treatment of LWW plus post-
ozonation decreased the COD by 55 %. In the case of stable operation of the bioreactor, it 
is possible to use ozonation for increasing the biodegradability (BOD/COD ratio) of 
LWW that is being treated in the recirculation cycle; 

 lime coagulation (10 % lime milk and 3.8% aluminium hydroxychloride were used) and 
post-ozonation of LWW increased the biodegradability (BOD/COD ratio) of the treated 
LWW from 0.038 to 0.540. COD decreased by 23–27 %. The efficiency of the process 
was considered to be low; 

 coagulation with oil-shale ash plus post-ozonation of LWW increased the 
biodegradability of untreated LWW less than post-ozonation of LWW that had been 
coagulated with lime milk. It is not practical to use oil-shale ash for coagulation, as the 
required amount of ash is large and lengthy intensive mechanical mixing is needed. The 
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biodegradability of LWW treated with oil-shale ash increased less than in the case of 
ozonising untreated wastewater. The decrease of COD in post-ozonation was small; 

 the Fenton process constituted the first series of experiments, where pH = 3, the overall 
content of pollutants (COD) was decreased by up to 70 % with a low H2O2:COD ratio 
(0.5/1), colour and odour were removed and biodegradability (BOD:COD) was increased 
to 0.1; 

 in the second series of experiments, in which pH was not regulated, the Fenton process 
decreased the COD of LWW by up to 37 % with the highest H2O2:COD ratio 2/1. There 
was no change in the biodegradability (BOD:COD) ratio. Treating LWW with the Fenton 
process at a pH value of 8 was (unlike literature (Goi et al., 2008) data) less effective than 
processes in acidic medium. The best result, 37 %, was achieved at the H2O2:COD ratio 
of 2:1. The biodegradability, in this case, did not change significantly. 

 
During the years 2007–2010 the TUT Department of Environmental Engineering conducted NF 
and RO treatment tests for treating the LWW of the Väätsa landfill. Physicochemical treatment 
processes such as RO and NF proved to be most promising and effective in the cases of a low 
concentration of organic matter. NF has a place between ultrafiltration and RO in the removal of 
recalcitrant organic compounds and heavy metals from leachate (Marttinen et al., 2002). In 
general, NF has a high rejection for sulphate ions and dissolved organic matter but very low 
for chloride and sodium (Chaudhari and Murthy, 2010). NF treatment allows to achieve a more 
than 85 % efficiency of total SS, heavy metals, conductivity and COD removal. However, the 
removal of NO3

- and NH3 was much lower (45.5 % and 20.5 %, respectively) (Mohammad et 
al., 2004). The overall process can be improved if combined with conventional biological-
physicochemical treatment (Aziz and Amr, 2016). Unlike RO, NF technology has a looser 
membrane structure enabling higher fluxes and lower operating pressure for the treatment of 
leachate (Kurniawan, 2006). The main problem of NF technology is membrane fouling (Aziz 
and Amr, 2016).  
 
In the case of high salt content, RO is used for additional treatment of biologically pretreated 
LWW. RO is also used as an independent method for treating leachate (Sumanaweera, 2010; 
Christensen, 2010; Guidance, 2006; Wang et al., 2007; Cervantes, 2009). Low operational costs 
and the ability to remove the organic pollutants and 95–99 % of inorganic salts with minimal 
chemical requirements make the RO an attractive technology for many applications (Wang et al., 
2006). In 1988, Pall-Exekia developed a disc-tube-module to allow the system to be cleaned from 
scaling, fouling and bio-fouling in an effective manner (Peters, 1996). RO operated at a high 
pressure and is able to diminish heavy metal concentrations at high efficiency. RO technology 
was reported as most effective in COD removal among different physicochemical processes 
evaluated (Aziz and Amr, 2016). 
 
Our ULTRA-FLO PTE, UF-NF 200 pilot plant of low pressure RO (Figure 5.2) was purchased 
from the Ultra-FLO Pte Ltd. in Singapore. The system consists of two low pressure RO 
membrane (4040 – spiral membranes) cartridges and one BT420 UF cartridge, one 5 μm guard-
filter, one feed pump, and control valves, pressure gauges and flow meters (Paper II). 
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Figure 5.2. Experimental set-up of RO and NF (views from front and rear) 
 

Biologically treated Väätsa LWW (Figure 5.3) was passed through a cloth filter and two 
microfilter cartridges BB 5 mm. Finally, it was conducted through either a low pressure (pressure 
no more than 6 bar) RO spiral membrane or a NF spiral wound NE 4040-90 membrane. During 
the exhaustion test, two successive 5 mm microfilter BB Cartridge Filters, or two new filters of 
spiral wound PP 5 μm, and two consecutive RO spiral wound NF 2-4040 or NF spiral wound NE 
4040-90 were used to test the lifetime of these membranes in treating biologically treated LWW 
(Paper II). 
 

BOD7 COD TP TN SS

Leachate  250 4000 9 474 260

After AS tank 110 3000 5 714 108

After anox/aerobic lagoon 22 800 3 210 40

0

500

1000

1500

2000

2500

3000

3500

4000

m
g/
l

 
 
Figure 5.3. Treatment results at the Väätsa LWW treatment plant  
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Figure 5.4 shows that the treatment efficiency of BOD7 was significantly less than that of COD.  
 

  
 

 

 

Figure 5.4. Treatment efficiency of RO 
 
For example, the average removal efficiency of BOD7 was only 60 % while COD removal could 
be as high as 98 % for either 15 or 60 min filtration. This result suggests that soluble organic 
compounds may pass the membrane and enter the permeate. For SS, excellent percent removal 
has been achieved. After 60 min of RO treatment, the purified permeate reached the following 
quality: COD 57 mgO/l, BOD7 35 mgO2/l, and SS 1 mg/l, which meet all discharge standards. 
However, the total N remained as high as 512 mgN/l.  
 
The indicators of purified water deteriorated during experimental runs due to either organic 
compounds, adsorbed on the membrane surface or clogging of the filter module by SS. Since the 
RO membrane is a spiral filter, it was easily clogged by the SS. In addition, a significant portion 
of organic matter in leachate is humic substance, which is a refractory organic chemical. The 
fulvic and humic compound content in the leachate increase with landfill aging (Paper II). 
 
Figure 5.5 indicates that NF reduced the COD, BOD and TN of LWW by 98 %, 41 % and 68 %, 
respectively. After one hour of NF, the effluent reached the COD 32 mgO/l, BOD7 17 mgO2/l, TN 
202 mgN/l, and SS 3 mg/l. Initial test results showed that RO and NF allowed to achieve a good 
efficiency in reducing COD, BOD and SS. However, they were ineffective in reducing TN (Paper 
II). 
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Figure 5.5. Treatment efficiency of NF  
 
Figure 5.6 quantifies these advantages by comparing the treatment efficiency of biologically 
treated LWW with that of RO. It is interesting to note that NF gave better results in terms of 
reduction of conductivity, TN, TP and SS, while RO and NF were equally effective in removing 
BOD7 and COD, with removal efficiencies greater than 95 %. 
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                            Figure 5.6. Efficiency of RO and NF treatment  
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The RO process reduced COD and BOD by 97 % and 60 %, respectively. NF reduced the COD, 
BOD and TN of biologically treated LWW by 98 %, 41 % and 68 %, respectively. However, RO 
was ineffective in removing TN. NF was more efficient in removing TP and TN than RO. 
Although the resulting COD, BOD, SS and TP may meet current legislative requirements, neither 
NF nor RO could bring the TN below the discharge limit of 75 mgN/l (RT I, 04.12.2012, 1). In 
addition, successful application of membrane filtration technologies requires efficient control of 
membrane fouling, especially when spiral membranes are used (Studies, 2010) (Paper II). 
 
 
5.1.2. Toxicity of landfill wastewater and reverse osmosis concentrate  
 
The toxicity of LWW was measured by ecotoxicological tests on the basis of the impact on 
Protozoa; subsequently, the impact on the bacteria in the AS was concluded. The wastewater 
from landfills is considered to be toxic and to hinder microbiological processes in the biological 
treatment process. Toxicity is caused by the high content of NH4-N (for example, it was up to 974 
mgN/l at the Jõelähtme landfill, up to 852 mgN/l at the Uikala landfill and up to 330 mgN/l at the 
Väätsa landfill – see Table 4.1) (Studies, 2010). It was found to increase in summer due to high 
pH and temperature. 90 % of total nitrogen was in the form of NH4-N, with a big share of the 
latter being in the form of ammonia, which is toxic for water organisms and hinders biological 
treatment. In addition, the toxicity of the aquatic environment can be influenced by pH, 
conductivity, concentration of chlorides and the content of copper and zinc. The xenobiotic 
organic compounds contained in the leachate can be utterly toxic. All these determinants should 
be taken into account when choosing a technology for LWW treatment (Studies, 2010; Studies, 
2007; Studies, 2008) (Paper III).   
 
The LLE can become toxic also due to many other factors, such as excessive content of diluted 
heavy metals, a too low or high pH level, an unfavourable carbon to nitrogen ratio (C:N), etc. 
(Handreichung, 2006). The pH and concentration of diluted heavy metals were within norms. The 
C:N ratio was 4, which is considered to be too low. The low C:N ratio refers to a low carbon and 
excessive nitrogen content. During the process, carbon is first used in fermentation, and if its 
amount is insufficient, nitrogen becomes toxic for methane bacteria (Handreichung, 2006; Pitk, 
2014). The normal C:N ratio for biogas production is 10–40 (Manikandan and Viruthagiri, 2010).  
 
A series of experiments with methane fermentation were carried out with the aim of determining the 
toxicity of the RO concentrate produced at the Väätsa landfill and its influence on the different 
phases of degradation in the waste deposit as well as the degradation of organic substances during 
fermentation. The RO concentrate was co-digested anaerobically in a mixture with Tallinn WWTP 
sewage sludge to evaluate the degradability and CH4 productivity in various mixing ratios.  
 
Characteristics of the RO concentrate from Väätsa LWW are presented in table 5.1 and the 
biomethane potential (BMP) batch experiments depicted in Figures 5.7–5.10. 
 
For comparison, Tallinn WWTP compost was anaerobically co-digested in a mixture with Tallinn 
WWTP sewage sludge to evaluate its degradability and CH4 productivity (Figures 5.7 and 5.8). 
As can be seen, the BMP of the compost (8.9–67.7 m3CH4/m3, see Figures 5.7–5.8) and one stage 
digestion tests gave promising results compared with those of the Väätsa LWW RO concentrate 
(0–4.1 m3CH4/m3, see Figures 5.9–5.10) and even with those of Tallinn WWTP sewage sludge 
(2.6–8.0 m3CH4/m3, see Figures 5.7–5.10). The Väätsa LWW RO concentrate BMP test showed 
that adding a LWW RO concentrate to a substrate in co-digestion, the biogas flow rate and 
accumulated biogas amount will drop but one can increase the biogas production by adding 
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compost to the co-digested substrate. What is more important is that compost can be digested 
alone without the addition of sewage sludge or some other easily fermentable material. 
Unforunately, the Väätsa LWW RO concentrate could not be digested alone due to lack of carbon 
as well as nitrogen inhibition (Paper III). According to the graphs, we can say that the optimum 
hydraulic retention time for the digestion of compost and co-digestion of compost with sewage 
sludge is 7 to 10 days. By these 7 to 10 days, most of the biogas has been produced, and further 
biogas production is minimal and not as significant. 

Table 5.1. Väätsa LWW RO treatment concentrate in October 2014 (Paper III)  

Parameter Result
TS in RO treatment concentrate 3.7 % 
VS* 43.1 % TS 
pH 6.9
TN 1.2 kg/m3 TS 
NH4-N 0.94 kg/m3 TS 
TP 0.02 kg/m3 TS  
total potassium (TK) 0.47 kg/m3 TS 
crude protein  10.54 % TS 
crude fat  0.02 % TS 
C  5.07 % TS 
N 1.27 % TS 
hydrogen H  1.37 % TS 
S 0.43 % TS 
Zn 0.87 mg/kg TS 
Cu 0.13 mg/kg TS 
Hg not found
Cd not found
Cr 3.30 mg/kg TS 
Ni 0.64 mg/kg TS 
Pb < 0.01 mg/kg TS 

* Volatile solids in TS

Figure 5.7. Accumulated gas volume in BMP test series. Anaerobic co-digestion of Jõelähtme landfill 
compost in a mixture with Tallinn WWTP sewage sludge 



38 

 
 

Figure 5.8. Biomethane flow rate in the BMP test series. Anaerobic co-digestion of Jõelähtme landfill 
compost in a mixture with Tallinn WWTP sewage sludge 
 
At first, the Väätsa LWW RO concentrate BMP test results were promising (Figures 5.9 and 
5.10). However, after the removal of inoculum (sewage sludge in distilled water), the productivity 
revealed a negative outcome. The RO concentrate had a negative effect on the AD process with or 
without sewage sludge. Even diluting the RO concentrate with distilled water did not give a 
positive result (Paper III). 
 

 
 
Figure 5.9. Accumulated gas volume in the first BMP test series. Co-digestion of Väätsa LWW RO 
concentrate in a mixture with Tallinn WWTP sewage sludge 
 
The addition of RO concentrate has a negative effect on the anaerobic digestion of sewage sludge. 
The decline in the CH4 yield might be caused by deterioration of methanogenic bacterial activity 
following the treatment of discharged RO concentrate.  
 
Since degradation processes similar to methane fermentation take place in the landfill, directing 
RO concentrate to the landfill will slow down the decay processes of biodegradable waste. The 
concentrate should be directed to a closed section of the landfill, where the extraction of biogas is 
in the final stage, as it is toxic and does not support biological decomposition processes. 
 
Unclosed landfills can be moistened with rainwater from the landfill territory as well as LWW 
(Paper III). 
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Figure 5.10. Biomethane flow rate in the first BMP test series. Väätsa LWW RO concentrate co-digestion in 
a mixture with Tallinn WWTP sewage sludge 
 
 
5.1.3. Treatment of landfill wastewater at the Väätsa, Torma and Uikala landfills 
 
In Estonia, biological treatment methods (such as sand filtration, oxidation pond and AS) have 
been used for treating LWW in young landfills. These methods have had to be replaced with more 
efficient treatment methods and their combinations at the landfills have aged and the content and 
concentration of pollutants in the LWW have increased. 
 
The Väätsa and Torma landfills were reconstructed and the Uikala landfill designed after 2000 in 
accordance with the EU environmental requirements. 
 
For treating the Väätsa landfill wastewater a stabilisation pond (combination of an usual and 
aerated oxidation pond) and biological treatment with activated sludge (AS) were previously 
used. In addition to the studies carried out in 2007 (Studies, 2010), the efficiency of operation of 
the AS plant was monitored during the rainy autumn 2008 and the snowmelt period in spring 
2009. The BOD7:COD ratio dropped to less than 0.1, which indicates the ineffeciency of the 
biological processes (see Table 5.2). The TN concentration could not be reduced to the required 
75 mg/l. The high content of ammonia-nitrogen seemed to be toxic to the microorganisms taking 
part in the AS process. Consequently, the effluent was dark and contained solids in high 
concentrations. According to the results of the current study, during rainfall and snowmelt, a 
significant part of the flow and pollution load of the LWW originates from the composting areas 
of biodegradable waste, which must be decreased substantially. A tank for equalising the flow 
rate, pollution load and toxicity of the LWW should be constructed. During winter, the decrease 
of the temperature of the leachate directed into the treatment plant should be minimised. The 
removal of fat and oil prior to biological treatment is very important. It was understood that 
biological methods were insufficient for treating the LWW to meet the requirements, and RO 
should be added. In 2009, tests on different methods for the treatment of LWW leachate were 
conducted. By the end of the year, a preliminary project for reconstructing the Väätsa LWW 
treatment plant was completed (Preliminary, 2009).  
 
The LWW treatment plant at Väätsa was completed in 2002. This biochemical plant consisted of 
an AS container (aeration tank and lamella clarifier) together with an oxidation pond and an 
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aerated sludge stabilisation tank. The first section of the oxidation pond was aerated. Before 
directing wastewater into the treatment plant, its chemical composition was regulated, when 
necessary, by adding phosphoric acid to avoid P deficit. P removal was achieved by dosing iron 
sulphate into the AS plant. The excess sludge that was generated during the treatment process was 
directed into an aerated stabilisation tank, and the clarified water recycled into the treatment 
process. The stabilised sludge was directed to a depositing area. Water from the AS plant was 
treated in an aerated oxidation pond. In addition to the studies in 2007, the efficiency of the 
Väätsa landfill AS plant was monitored during the rainy period in autumn 2008 and snowmelt 
period in spring 2009 (Studies, 2010). The samples taken in May 2009 indicated the inability of 
the treatment plant to operate according to the requirements (Table 5.2) (Studies, 2010) (Paper 
III). 
 
Table 5.2. Content of pollutants in the Väätsa LWW and wastewater from different treatment stages in May 
2009 (Studies, 2010) 
 

Pollutant Unit Väätsa 
LWW 

Pollutant content 
after treatment 

with AS 

Pollutant content 
after stabilisation 
pond treatment 

Permitted limit values 
in effluent (RT I, 

04.12.2012, 1) 
BOD7  mgO2/l 250 110 22 25 
COD mgO/l 4,000 3,000 800 125 
TP mgP/l 9.0 4.5 2.6 2.0 
TN mgN/l 474 414 210 75 
pH  8.52 8.53 8.21 6–9 
SS mg/l 260 108 40 35 

 
The first one hectare large phase of the Väätsa landfill was put into operation in November 2000, 
and the second (1.34 ha) in November 2005. The planned height of the phase was 6–7 m. In 2008 
the third landfill phase (2.8 ha) for landfilling domestic waste was completed. Altogether, there 
are four phases, covering 8.8 ha. The first composting area of 0.268 ha was ready in November 
2003 and the second (1.34 ha) was put into operation in July 2008.  
 
A new LWW collection system and treatment plant was designed and built during 2011/2012. It 
is a WWTP that consists of an equalising tank, physicochemical treatment (RO) unit following 
biological treatment (AS) and stabilisation in a pond treatment system. Since April 2012, when 
the new treatment system was put into operation, the effluent from the WWTP has been in 
compliance with the water permit requirements (see Table 5.3). The average treatment efficiency 
in the period between 2013 and 2015 was recorded as over 99 % for BOD7, COD, TN and TP and 
over 90 % for SS (Paper III). 
 
Table 5.3. Average pollutant content in the Väätsa LWW effluent according to the Väätsa landfill annual 
water use report 
 
Parameter 2013 2014 2015 Limit value 

(RT I, 04.12.2012, 1) 
BOD7, mgO2/l 3 3 3 25 
COD, mgO/l 14 14 14 125 
SS mg/l 6.5 2.25 2.5 35 
TN, mgN/l 1.5 2.1 1.6 75 
TP, mgP/l 0.04 0.025 0.02 2 
monobasic phenols, mg/l  0.0054 0.0021 0.0003 0.1 
dibasic phenols, mg/l 0.01 0.0065 0 15 
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The first phase (0.65 ha) for domestic waste of the Torma landfill was completed in June 2001. 
The designed average height of the phase was 6 m. By the end of 2007, a second phase of 1.58 ha 
was in operation. Here, the planned height was 7 m. It is forseen to create a third phase (0.85 ha) 
having a height of 6 m (Paper III). 
 
LWW was previously treated using a buried sand filtration unit followed by sedimentation pond 
treatment. After several years of usage the efficiency of the buried sand filtration unit became 
very low, probably because treatment capacity of the filter bed body became exhausted. For 
improving the situation, a new landfill was designed, based on results of tests conducted during 
design work. Test results made clear that mere mechanical-chemical treatment (coagulation with 
ferrosulphate and flocculation which decreased the COD and BOD only by 10 %) or activated 
sludge treatment (decrease of COD and BOD up to 10–30 %) would not enable to reach the 
necessary efficiency. Nevertheless, AS treatment provided necessary conditions for further 
chemical treatment, but this needed further investigation. The adaptation of activated sludge is a 
prolonged process ond one must consider adding fresh sludge from some other AS plant. Special 
treatment (possibly PO) is necessary for removing nitrogen. Excess P is removed by chemical 
treatment. Large doses of chemicals are needed and a large amount of floating sludge is produced 
what should be taken into account whwn designing contact chambers and clarifiers with surface 
sludge scrapers. Chemicals (metal salts) lower the pH and raise the sulphate ion content. At 
Torma, in summer part of the LWW is pumped to the landfill to compensate evaporation. In 
winter the leachate is conducted to the purification plant from the collection well, were it is 
somewhat warmer. According to test results it recommendable to dimension the equalisation 
basin on the basis of the annual precipitation (in Estonia about 800 mm, i.e. 8000 m3/(a·ha)) plus 
the average omount of leachate, multiplied by 0.5.     
 
On the basis of the test results in 2009 a new WWTP was designed and put into operation in 
2010. The plant consists of screen, an AS plant with long detention time (at least 6 days), a 
chemical treatment (coagulation with ferrosulphate and flocculation) unit, active sand filter and 
oxidation pond. For equalising the flow and pollutant content the volume of the existind 
sedimentation pond was enlarged and equipped with a mixing device. The chemical sludge is 
pumped to the landfill. The efficiency indicators pH, SS, BOD and COD as well as TP improved 
after the new treatment system was put into operation, but COD and TN remained problematic 
(Figures 5.11 and 5.12). (Tõnisberg, 2011) (Paper III.  
 
In 2012, the conservation and closing activities of the landfill were started as the amount of 
deposited waste had significately decreased. Most of the LWW is pumped back to the landfill for 
moistening the waste and, in the last years, only polluted rainwater collected from the landfill 
territory is conducted to the treatment plant. In the first quarter of 2013, no rainwater runoff 
occurred from the landfill and no effluent was directed to the recipient. Thereafter, only 
contaminated rainwater from the landfill territory was treated in the WWTP; the leachate was 
pumped back into the waste deposit. In 2014, only rainwater from open areas was treated and the 
leachate was pumped back to the landfill. The treatment efficiency was high: BOD7 96.4 %,  
SS 94 %, COD 93.1 %, TN 92.2 % and TP 96.9 %. 
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Figure 5.11. Average pollutant content of wastewater treated at the Torma LWW treatment plant during the 
years 2004–2005, 2007–2008 and 2011–2014 according to Torma landfill annual water use report  
 
 

 
 
Figure 5.12. Average pollutant content of the Torma WWTP effluent discharged to the recipient during the 
years 2003–2006, 2007–2008 and 2011–2014 according to the Torma Landfill annual water use report   
 
The first phase (2.2 ha) of the Uikala landfill was put into operation in January 2000, and in 
November 2006 the second phase (1.9 ha) was completed (total landfill area 8.8 ha). The 
designed average height of the landfill is 23 m. The composting area is about 3.4 ha (Studies, 
2010). For treating LWW, RO was applied in 2005, and an equalising pond was constructed. The 
survey of the operation of the container RO treatment plant with filters DT 29-09 following an 
equalising tank showed that the treatment plant for LWW operates with high and stable 
efficiency. In the fourth quarter of 2013 the medium treatment efficiency was 98.3 % for BOD7, 
98.7 % for SS and over 99 % for both TN and TP (Paper II). 
 
 
5.2 Treatment of biodegradable wastes 
 
The biodegradable waste in Estonia consists of the biodegradable part of domestic waste, park 
waste, yard waste, agricultural waste, commercial waste, industrial waste, sewage sludge and 
animal waste. In 2011, the amount of biodegradable waste generated in Estonia was 1,196,670 
tonnes: 158,900 tonnes (13 % of total amount) of sewage sludge, 123,100 tonnes (10 %) of 
biodegradable domestic waste (kitchen, catering, park and yard waste) and 7,970 tonnes (1 %) of 
other biodegradable waste. Altogether 289,970 tonnes (24 % of the total amount) were considered 



43 

to be suitable for a fermentation process leading to biogas production. Other biodegradable waste 
included wood, paper and cardboard (a total of 906,700 tonnes) (National, 2014).  
 
Most of the aforementioned materials were composted on composting areas located at the 
landfills or on separately located composting areas. A part of biodegradable waste was deposited 
in landfills. In the WWTP-s in Tallinn, Narva and Kuressaare sewage sludge is treated by 
methane fermentation before composting. At the Tartu treatment plant, methane fermentation is 
still being adjusted. The produced biogas is used for energy production, and the digestate utilised 
for fertilising fields, landscaping and recultivation.  
 
In 2010, 13.13 million m3 of biogas was produced in Estonia, and most of it (9.3 million m3) at 
landfills. A total of 3 million m3 of biogas was produced from sewage sludge (Applicability, 
2014).  
 
In 2013 sewage sludge from WWTP-s with a treatment capacity of over 2,000 p.e. was used in 
landscaping (54 %), agriculture (16 %), recultivation (13 %) or in other ways, such as 
transportation (6 %) (Elaboration, 2015).  
 
The annual potential of biomethane (excluding agricultural biomethane) has been recorded as 
follows: biodegradable waste from food manufacturing 9 million m3, biowaste 2 million m3, 
sewage sludge 3 million m3, biowaste from industry 8 million m3 – altogether 22 million m3. This 
is supplemented with landfill biogas of 9.3 million m3 (Applicability, 2014).  
 
In comparison with the present situation where the main activities are composting and depositing 
of waste into landfills, the impact of methane fermentation on the environment seems to be 
significantly smaller (Paper III).  
 
According to the Estonian National Waste Action Plan, it is of primary importance to decrease the 
entire volume of deposited waste by 2014–2020. The utilisation of biological waste should be 
increased significantly and anaerobic fermentation preferred over composting. The fermentation 
residue (digestate) should be used in agriculture as much as possible. The optimal plan for 
managing domestic waste by 2020 with the least environmental impact stipulates that 30 % of 
waste will be recycled as secondary raw material, 3 % as compost and 10 % as anaerobic 
fermentation digestate, 40 % will be incinerated, 8.5% utilised as waste fuel in cement 
manufacturing and only 8.5 % deposited in landfills (National, 2014) (Paper III).  
 
The digestate that is generated in methane fermentation of biodegradable waste contains a large 
amount of plant nutrients, such as P and N; therefore, it can be used for fertilising arable land. 
The amount of digestate is more or less equal to that of fermented biodegradable waste 
(Handreichung, 2006). Compost produced at the Tallinn WWTP from fermented sewage sludge is 
used for fertilising fields and green areas as well for recultivation purposes (Kuusik, Aare, 2003) 
(Paper III). 
 
 
5.2.1 Decreasing the volume of biodegradable waste composted and deposited at 
landfills 
 
Composting is a microbial aerobic transformation and stabilisation of heterogeneous organic 
matter in aerobic conditions and in solid state. The first phase of the composting process is 
mesophilic and starts the aerobic decomposition of easily degradable organic matter. In the 
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thermophilic phase without control, the temperature can easily reach and exceed 70 ºC and serve 
for reducing the number of pathogenic agents present in the waste. In the third phase 
mineralisation of slowly degradable molecules and humification of lignocellulosic compounds 
takes place. The composting process leads to the production of CO2, water, minerals and 
biologically stabilised organic matter (Christensen, 2010; Turovskiy and Mathai, 2006).  
 
The composting technology covers a broad spectrum of approaches, as open, enclosed and reactor 
technology. The open technology includes aerated pile, naturally vented pile, aerated windrows 
and naturally vented windrows technologies. Enclosed technologies include aerated pile, the 
Brikollare process and channel technology. The reactor technology includes box reactor, 
container reactor, tunnel reactor, tower reactor and rotating drum technology (Christensen, 2010; 
Wang et al., 2008; Wang et al., 2007b; Turovskiy and Mathai, 2006).  
 
In a composting facility that produces a marketable product, the purpose of the feedstock 
recovery and preparation step is to remove noncompostable materials to improve the final 
compost quality (reduction of the visible inert material and chemical pollutant content) and to 
prepare the waste to adjust its biological, chemical and physical properties (Christensen, 2010;  
Turovskiy and Mathai, 2006).  
 
When open technologies are used, the exhaust gas of the composting process in most cases 
escapes to the surrounding environment without deodorisation. Enclosed technologies and the 
reactor technology enable the treatment of the exhaust gas. In a reactor, the free air space above 
the compost is minimal, which lowers the volume of exhaust gas compared to that in an enclosed 
building system (Christensen, 2010; Studies, 2010; Wang et al., 2007b).  
 
Windrow composting is currently the most widely used treatment technology for sewage sludge 
and other separately collected and sorted biodegradable waste. In Estonia, sewage sludge is the 
most commonly composted biodegradable waste on landfill territories. The most important 
pollutants that are generated in landfills by composting biodegradable waste are emitted into the 
air are NH3 and volatile organic compounds (VOC). Also, CH4 and hydrogen sulphide (H2S) 
might be emitted. During the microbiological degradation of organic nitrogen compounds nitrous 
oxide (N2O) is generated. H2S forms during anaerobic degradation. In an anaerobic environment, 
if the microbiological degradation process is balanced, VOC breaks down into CH4 and CO2. CH4 
emerges when organic substances break down in anaerobic conditions. Environmental issues are 
mainly related to the risk of surface and ground water pollution as well as unpleasant odours. The 
emissions not only cause acid rain (NH3, SO2, NOX) but also ozone layer depletion (methyl 
bromide CH3Br), greenhouse gases (CO2, CH4, N2O) and heavy metal diffuse pollution 
(Environmental, 2004; Environmental, 2008; Strategic, 2009).  
 
Greenhouse gases consist of carbon dioxide (76.7 % CO2), methane (14.37 % CH4), nitrous oxide 
(7.9 % N2O) and fluorinated gases (Aziz and Amr, 2016; Applicability, 2014). Some of the 
important research related to greenhouse gases, global warming and recycling indicate that 
recycling is an effective method for decreasing CO2 gas emission and hence reduce global 
warming. Thus green technology in waste disposal can be followed, which saves us from 
greenhouse gases (Kothari et al., 2010; Nakata et al., 2010).  
 
The use of low quality compost in agriculture can cause soil contamination (Elaboration, 2013). 
During composting, environmental control may be necessary to appropriately handle 
contaminated liquids (condensate from active aeration, leachate, and rainwater runoff) and 



45 

emissions into the atmosphere (odour, bioaerosols, dust) and noise (Christensen, 2010; Wang et 
al., 2007b).  
 
Before discharging into water bodies, the polluted rainwater from composting fields must be 
treated for removing coarse SS in straw or hay bale filters and a settlement tank.  
 
Leachate, and to a lesser extent condensate, contain high concentrations of dissolved organic 
matter and nutrients, which should not reach surface water bodies or groundwater. Leachate 
should either be recycled to the landfill as a source of moisture or treated prior to discharge.  
 
Odour emission during composting can be a nuisance to neighbours and has resulted in the 
closure of several composting facilities (Christensen, 2010; Wang et al., 2008). Bioaerosols 
(colloidal particles with bacteria, fungi, actinomycetes or viruses attached) can be a potential 
health hazard to composting facility workers and neighbours (Millner et al., 1994). 
 
In this study the possibility of decreasing the volume of biodegradable waste deposited and 
composted in landfills and the potential for methane fermentation of sorted biodegradable waste at 
landfills was analysed. The study results show that methane fermentation followed by digestate 
composting is only possible in the case of biodegradable waste that is sorted before collection and 
pretreated by removing nonsuitable materials and is especially suitable for kitchen, food and 
animal waste. The volume of digestate generated in methane fermentation of biodegradable waste 
is almost equal to the volume of biowaste used as a raw material for this process. The digestate 
contains a large amount of nutrients, such as P and N, which can be used for fertilising arable 
lands. Compost from WWTP sludge and methane fermented sewage sludge has been used for 
fertilising green areas and recultivation purposes, and to a lesser extent in agriculture (Paper III). 
 
In Estonia in 2002–2009, on average 18.1 million tons of waste was generated per year, of which 
13.8 % (2.5 million tons per year) was biodegradable waste (1.5 to 4.1 million tons per year) 
(Elaboration, 2013). In 2011, the amount of biodegradable waste was 1,196,670 tonnes, of which 
158,900 tonnes (13 % of total amount) was sewage sludge (National, 2014). The volume of 
biodegradable waste varies significantly from year to year. In the last decade, the general 
production of waste, including biodegradable waste, has decreased (Table 5.4).  
 
Table 5.4. Production, landfilling and recovery of waste in Estonia in 2008–2014 (million tons)  
                 (National, 2014) 
 

Year  Production 
of waste  

Landfilling Recovery Production of 
domestic waste  

Landfilling of 
domestic waste  

2008 19.3 11.7 6.0 0.5 0.33 
2009 15.6 8.5 4.5 0.44 0.29 
2010 19.5 11.7 7.3 0.41 0.27 
2011 21.7 9.3 12.1 0.42 0.24 
2012 22.2 8.2 13.1 0.38 0.13 
2013 22.5 10.7 11.7 0.38 0.05 
2014 22.1 - 8.1 - - 

 
In Europe, at larger WWTP-s methane fermentation is the main method for treating sewage 
sludge, compared to composting in smaller plants. In Estonia, the sludge treatment technology 
depends on the average load of the plant: in the case of loads over 2000 population equivalents 
the practice in  2013 was as follows: outdoor windrow composting 65 %, methane fermentation 
25 %, in-vessel composting (8 %) and other treatment methods (e.g., transportation to other 
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treatment plants) 2 % (Elaboration, 2015). Since one of the goals of the EU energy policy is to 
increase energy independence, methane fermentation of sewage sludge and usage of biogas for 
energy production of are widely used. In order to increase digester profitability, sewage sludge is 
with other industrial and domestic biowaste. In the Nordic countries, biogas obtained by methane 

fermentation in enriched form is used in public transportation vehicles. In Central Europe, drying 
and incineration of sewage sludge is becoming more commonplace. When setting perspectives for 
sludge use, the main option is to use the nutrient-rich sludge in landscaping and agriculture 
(Elaboration, 2015). 
 
The present study takes into account the quick changes in waste management (collection of sorted 
waste, increasing the significance of sorting and incineration of domestic waste, decrease in 
depositing of domestic waste in landfills and increase in the role of composting) and the impact of 
the mentioned changes on the amount and pollutant content of the LWW. Therefore our  research 
involved investigation of the possibilities to significantly decrease composting of biodegradable 
waste at landfills and replace it with methane fermentation as well as finding possibilities for 
decreasing and equalising the flow rate, pollutant content and toxicity of the LWW, methane 

fermentation of biodegradable waste, assessment of the yield of biogas and possibilities for 
utilising biogas and digestate obtained by fermentation of the biodegradable waste or collected 
from landfills (Paper III). 
 
 
5.2.2 Methane fermentation of biodegradable waste in landfills 
 
Methane fermentation of biodegradable waste in Estonia is presently taking place in landfill waste 
layers. As a result of the process, landfill gas and leachate are generated. 
 
Anaeribic digestion (AD) is defined as a biological process that produces gas (biogas) containing 
CH4 and CO2 as its primary constituents through the concerted action of mixed microbial 
population under conditions of oxygen deficiency. AD has been the process most often used to 
stabilise wastewater and biosolids (Pitk, 2014). 
 
AD takes place at 37–40 °C (mesophilic digestion) or 50–55 °C (termophilic digestion) within 
20–30 days. In this process pathogens are reduced The generated biogas is mainly used for 
maintaining digester temperature or in electricity production (Elaboration, 2013). In Estonia, 
single step anaerobic mesophilic digestion is mainly used. During the digestion process, the 
following changes take place in the biomass (Environmental, 2004; Environmental, 2008; 
Strategic, 2009; Handreichung, 2006; Wang et al., 2007b): 

 the content of organic dry matter (oDM) of the parent material decreases up to 80 %; 
 a large part of carbon compounds in the oDM are degraded to CH4 and CO2; 
 the aromatic substance and organic acid content of the substrate decreases significantly; 
 the NH4 content increases and the TN content does not decrease. The P, K, Ca and Mg 

content do not change; 
 a part of phosphorous is transformed into inorganic form, which is more easily accessable 

for plants; 
 the digestate pH rises to 8–8.5; 
 the sulphur content might decrease because sulphur becomes gaseous hydrogen sulphide 

and is discharged from the process together with the other gases; 
 the concentration of heavy metals that are not subject to biological processes increases; 
 during the digestion process pathogens are eliminated; 
 animal substrates must be treated thermally at 70 °C or sterilised; 
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 in mesophilic single step fermentation chambers, plant seeds are destroyed within a few 
days; 

 up to 90 % of pathogenic bacteria (such as salmonella) are eliminated in mesophilic 
conditions within a few days; 

 the infectious capacity of parasite eggs and larvae is eliminated in mesophilic conditions 
within a few days. 

 
The production of renewable energy from organic waste streams is definitely one of the important 
aspects in the concept of sustainable development (De Vrieze et al., 2012). At the same time, 
biogas is also an energy source that helps to reduce anthropogenic greenhouse gas emission if 
used as a replacement for fossil fuels, and it also has many additional positive environmental 
aspects (Börjesson and Mattiasson, 2007; Weinland, 2010; Amani et al., 2010; Plugge et al., 
2010), such as reduction of acid rain and the global warming potential (Chynoweth et al., 2001), 
and the amount of waste as well as inactivation of pathogens (Chen et al., 2008). A further 
important aspect is recirculation of stabilised digestate back to the soil as an organic fertiliser and 
soil improver with a concurrent reduction in the requirement of mineral fertilisers (Salminen and 
Rintala, 2002; Demirel and Scherer, 2008; Luste et al., 2009).  
 
Lately, more and more such large landfills are built, the waste in which is fully isolated from the 
environment (called reactor landfills) are being utilised (Christensen, 2010). Reactor landfills are 
engineered landfills that receive waste containing untreated or partly treated organic matter and 
therefore produce gas as well as a contaminated leachate. A distinction is made between aerobic 
(Hudgins and March, 1998) and anaerobic reactor landfills (Tchobanoglous and Kreith, 2002). 
In an aerobic reactor landfill, hydroinsulation of the ground is needed, as well as aeration of the 
landfill body through installed piping. The organic compounds degrade in the landfill body and 
are aerobically stabilised (as when composting) in a much shorter time than in an ordinary 
landfill, and practically no leachate is formed. From the viewpoint of environmental protection, 
this is probably the best way to landfill (Studies, 2010).  
 
Every landfill having underground hydroinsulation that keeps leachate from diffusing into the 
environment can be transformed into an anaerobic reactor landfill. The landfill body is irrigated 
or moistened, especially in the dry season, and this intensifies the methanisation of biodegradable 
waste during warm weather. The irrigation water is usually leachate collected from the landfill, 
and LWW is used if it runs out. As a result, the landfill’s acute environmental hazardousness 
period is shorter and the production of biogas increases, which also means an increase in the use 
of a potential energy resource (Studies, 2010).  
 
Biogas begins to form in a landfill when the thickness of the landfill body is 4–6 m. 
Biodegradable waste produces landfill gas, which mainly consists of CH4. In addition to CH4, the 
gas also contains CO2, non-VOC and small volumes of N2O, NOx, CO (Eggleston et al., 2006). 
Gas collected from the edge areas of the landfill can also contain atmosphere gases such as 
oxygen and nitrogen. The production of landfill gas is usually between 60–250 litres per 1 kg 
degradable organic compound, which theoretically could even be 750–940 l/kg (Christensen, 
2010). When calculating the shielding of thermal radiation of landfill gases, it is considered that a 
ton of domestic waste produces 0.085 tons of CH4 and 0.193 tons of CO2 in emissions that would 
be equivalent to about 220 l/kg. Incinerating pure CH4 produces energy of about 55.6 MJ/kg, in 
normal gaseous state conditions, it is about 40 MJ/m3. In the case of natural biogas, this is 20–25 
MJ/m3 (Christensen, 2010; Studies, 2010). 
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Landfill biogas (Christensen, 2010; Studies, 2010): 
 is collected for as long as possible and is incinerated in order to decrease the effect of the 

shielding of thermal radiation to Earth (the greenhouse effect) because the thermal 
radiation shielding capability of CH4 (the component of biogas) is 21 times higher than 
that of CO2; 

 is incinerated and its heat is used for warming the water or leachate that is used for 
landfill watering. Warm water accelerates biological degradation processes in the landfill 
body and the landfill environmental hazardous period becomes shorter; 

 is purified from CO2 (the content of which is 35–50 %) and, as a result, the calorific value 
of the gas for use in combustion engines increases. Nowadays, biogas is purified by 
filtration, which also removes NH3 and H2S that would otherwise damage combustion 
engines. Gas that has been treated in such a way can be compressed into tanks as a fuel or 
used on-site for electricity production. 

 
Estonian landfills are small and the amount of collected landfill gas is often too small to make it 
economically viable to build a combined heat and power plant that would produce electricity and 
thermal energy. The first combined heat and power plants are installed at the larger closed 
Ääsmäe, Jõelähtme and Uikala landfills. Smaller landfills do not produce sufficient biogas for 
such utilisation and at the Väätsa landfill, for example, the gas is incinerated. In the future, it 
would be practical to equip landfills with digesters that could co-digest separately collected and 
sorted biodegradable domestic waste. This would increase the volume of biogas produced at 
landfills, and establishing combined heat and power plants would become profitable.  
 
Methane fermentation is considered to be the most effective method of biodegradable waste 
treatment that generates biogas as a by-product. The digestate that is generated in methane 

fermentation of biodegradable waste contains a large volume of plant nutrients, such as P and N; 
therefore, it can be used for fertilising arable land.  
 
 
5.2.3. Utilisation of landfill gas, digester gas and digestate  
 
In our study the yield of landfill gas and digester gas was determined. Also, the nutrient content 
of digestate and its potential for were analysed.  
 
The study results show that the CH4 content of landfill gas is 50–55 %. When composting 
biowaste a large amount of sulphur compounds is generated, while a smaller amount is produced 
in the anaerobic fermentation process. Emission of sulphur and nitrogen compounds (SO2, NOx, 
HCl and NH3) into the ambient air during decomposition of the biodegradable substances cause 
acidification of soil and water bodies. In the case of open composting, a large amount of ammonia 
(NH3) was emitted, causing both acidification as well as a bad odour. Ammonia emissions from 
anaerobic fermentation are much smaller. Most of Estonian landfills are small and the landfill gas 
production too small for cost efficient generation of heat and energy, and the gas is combusted. 
For example, at Väätsa, 175,200–262,800 m3 (20–30 m3/h) of landfill gas was annually collected 
from three depositing phases with a total area of 3.5 ha (Paper III). 
 
Biologically treated (composted or anaerobically digested) organic waste or unprocessed organic 
waste from households, gardens, commerce and industry can be recycled to agriculture and 
forestry (Christensen, 2010; Petersen, 1996; Poulsen, 2009). Typical characteristics of waste 
applied to agricultural land are presented in Table 5.5.  
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Table 5.5. Typical characteristics of waste applied to agricultural land based on numerous sources 
(including Christensen, 2010)  

Parameter Anaerobic 
digestate 
(domestic 

waste)

Sewage 
sludge/ 

biosolids

Compost 
(organic 
domestic 

waste)

Compost 
(green/garden 

waste)

Pig slurry Tallinn WWTP 
anaerobic 
digestate 

(Kuusik, Argo, 
2014)

TS, % ww 1–2 2–30 40–75 50–75 2.5–6.5 2.4
VS, % TS 65 40–80 35–70 20–40 80–90 60 
TN, % TS 3.5 2–5 1.0–2.5 0.7–1.6 7.5–15.0 2.6
NH4-N, % TS 1.7 0.01 <0.2 - 5.6–11.3 -
NO3-N, % TS 0.2–1.0 0.005 - - 0 - 
N-organic, % TS 1.8 2–5 - - 1.9–3.8 -
TP, % TS 0.9 0.5–3.0 0.2–1.0 0.15–0.7 1.8–2.8 0.03 kg/m3

K, % TS 3.7 0.1–1.0 0.5–2.0 0.8–1.9 3.8–6.5 0.04 kg/m3

C, % TS 39 - 20–45 10–30 38 26
H, % TS 5 - - - nd 3.7 
S, % TS 0.5 0.4–2.0 0.06–0.3 0.1–0.15 1 0.01
Cl, % TS 2.9 - 0.3 0.001–0.1 1.3 -
C/N total ratio 11 5–20 12–20 10–30 3–5 -
C/N organic ratio - nd - - 10–20 -
Mg, % TS 0.8–1.1 0.1–0.5 0.3–1.6 0.3–0.4 0.8 - 
Ca, % TS 2–5 1–5 3–7 2.2–3.0 2.5 -
Pb, mg/kg TS 10–60 15–100 25–110 20–55 3.3 0.18 
Cd, mg/kg TS 0.3–0.7 0.5–5.0 0.3–1.0 0.2–0.5 0.5 0.03
Cr, mg/kg TS - 10–70 15–40 15–35 10.3 0.35
Cu, mg/kg TS 45–125 100–1,000 28–47 28–50 325 5.02 
Ni, mg/kg TS 8–28 7–100 8–25 6.3–8.3 13.8 <0.3
Hg, mg/kg TS - 0.2–3.0 0.1–0.3 0.05–0.1 nd nd
Zn, mg/kg TS 150–300 400–1,000 120–270 100–200 750 5.80 

TS – total solids, ww – wet weight  

An experimental study under laboratory conditions and in pilot reactors was performed at the 
Department of Environmental Engineering of TUT to elaborating better solutions for AD process 
and for choosing suitable substrates for co-digestion. The biomethane potential tests were 
conducted in anaerobic mesophilic conditions by measuring the maximum amount of biogas or 
biomethane produced per gram of VS contained in the organic matter used as a substrate in the 
AD process. These tests were conducted using either pure substrates or a mixture of two 
substrates in order to investigate the effect of combining different organic waste on the co-
digestion process. BMP tests were carried out using the Automatic Methane Potential Test System II 
(AMPTS II – Figure 5.13). 

Figure 5.13. Automatic Methane Potential Test System II 
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The AMPTS II follows the same measuring principles as practised in conventional CH4 potential 
tests, which make the analysis results fully comparable with standard methods. For the technical 
and economical optimisation of biomethane producing plants batch methane potential (BMP) 
tests were used. The most promising substrates for biogas production according to BMP tests are 
catering waste, compost, beer yeast and their mixtures with sewage sludge (see Table 5.5). 
Excellent results were also achieved with the same substrates in one-stage co-digestion process 
tests.  
 
On the basis of results of our studies and laboratory experiments, it can be considered that the 
average yield of biomethane produced from biodegradable waste deposited in landfills in Estonia 
was 451.5 m3CH4/t VS. Moving, in Estonia, from composting and landfilling biodegradable waste 
to anaerobic co-digestion would, according to our research results, enable to annually produce up 
to 23.1 million m3 of biomethane, which could be converted into 226 thousand MWh of heat and 
electric energy (Paper III). 
 
Although the production of biogas and its energy has been rather modest in Estonia, the 
deployment of this energy source has been quite apparent in the last twenty years in terms of 
LWW treatment, landfilling biodegradable waste and the treatment of dung. An environmental 
impact evaluation of biogas plants showed that the digestate of methane fermentation is 
environmentally friendlier and its nutrients more easily available for cultivated plants. It is 
predicted that biogas production and its use for energy production will increase and spread 
throughout Estonia. In Europe, the growth of green energy production is about 20 % per year. 
When energy is produced by incinerating biogas, only CO2, which is 21 times less hazardous than 
CH4, is emitted to the atmosphere (Paper III). 
 
Research, conducted by the Estonian Environmental Research Centre and the TUT Department of 
Environmental Engineering on sewage sludge showed that the following (Elaboration, 2013): 

 the average nitrogen content was 49.4 ± 17.7 g/kgTS, and TP content 10.6 ± 6.6 g/kgTS; 
 limit values of heavy metals in sewage sludge were exceeded only at one WWTP; 
 composting does not guarantee hygienic safety of sewage sludge. Salmonella spp were 

found in 38 % samples of treated sludge, and the number of Escherichia coli exceeded 
the limit values in 70.2 % of the samples. Clostridium perfringensis was found in only 
two samples. 

 
The National Waste Management Plan for 2014–2020 foresees the utilisation of 10 % of domestic 
waste anaerobic fermentation digestate according to the data from 2011 (40,800 tonnes of 
digestate) (National, 2014). There is a need to try to increase the amount of anaerobic 
fermentation digestate that is used in agriculture. 
 
The sludge digested and solidified at the Tallinn Waste Water Treatment Plant of AS Tallinna 
Vesi (dry matter concentration 31.7 %, pH 7.6) on 26 August 2010 had the following parameters: 
total nitrogen 8.9 kg/t; total phosphorus  6.7 kg/t; total potassium 0.80 kg/t. The sample was 
analysed in the Agrochemical Laboratory of Agricultural Tests.  
 
The amount of produced digestate equates to the amount of digested biodegradable waste. The 
digestate from methane fermentation is rich in TP (0.4–1.8 kg P/m3) and TN (3.5–4.5 kg N/m3) 
that can be used for fertilising cultivated land. 1 m3 of compost that is produced at the Väätsa 
landfill contains 3.5 kg TN, 0.41 kg TP and 0.54 kg TK. Successful long-term results were 
obtained when compost from methane fermented sludge of the Tallinn activated sludge WWTP 
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was used in agriculture, greenery and recultivation. Experiments in afforestation of abandoned 
less valuable arable land and cutover peatlands have given promisable results (Paper III).  
 
In terms of water conservation, it is recommendable to increase fertilising areas with unprotected 
or poorly protected ground water with digestate instead of mineral fertilisers. For protecting 
waters and better plant nutrition it is recommendable to spread the digestate mainly in spring 
before ploughing (Environmental, 2004; Environmental, 2008; Strategic, 2009).  
 
A study “Elaboration of methodology for experiments on deforestation and peatland renovation 
with the sludge from Tallinn domestic wastewater treatment by the Tallinn Water Utility” was 
conducted in 2002–2007 with the aim of elucidating the influence of the treatment of alvar soil 
and peat with different doses of sewage sludge on different seedlings under experimental 
conditions. The treatment of soils with sewage sludge considerably changed the physical 
properties of the soils and the concentration of nutrients in them: the pH of the soils rose and 
concentration of organic matter and nutrients increased.  
 
Sewage sludge compost proved to be more efficient on bog soils, contributing to high productivity 
forest growth. This creates opportunities for cutover peatlands to be re-arranged and taken into use 
as woodland, which has so far been problematic. Sewage sludge compost also improves the 
properties of alvar soils for forest cultivation and creates a basis for areas to be afforestated.  
 
Systematic ground water monitoring was conducted prior to, during and after the tests. Although 
the upper aquifer in the monitored area (Liikva village) is unprotected from surface pollution, 
there were during and after the tests no signs of changes in the water quality of the monitoring 
wells that could be related to the use of sludge compost. At the same time, the spreading 
quantities of sludge recommended in the study should be followed when spreading the sludge, 
and ground water background studies should be conducted on each prospective land area 
beforehand. The study was conducted in accordance with Regulation No. 78 of the Minister for 
Environment from 30.12.2002 “Requirements for using sewage sludge in agriculture, landscaping 
and recultivation” (RTL 2003, 5, 48). 
 
 
6. CONCLUSIONS AND RECOMMENDATIONS  
 
One of the most important aspects when designing a landfill is reduction of landfill emissions, 
including contaminated precipitation water, wastewater and leachate (all together named as 
LWW), that harm the environment. In other words – planning and operating LWW treatment 
plants (WWTP) and collection and handling landfill gas. 
 
The flow rate of LWW is high in spring and autumn rainfall and snowmelt periods. Our 
conducted measurements show that the landfill runoff varies significantly, depending on the 
intensity of precipitation. This was particularly apparent at the Jõelähtme and Väätsa landfills, 
where the difference was tenfold. 
 
At Väätsa, the landfill wastewater flow rate depended on the intensity of rainfall and snowmelt as 
follows: Qmin = 0–2 m3/d, Qmax = 50–95 m3/d (7.1 to 13.6 m3/ha, in some cases 150 m3/d, i.e. 21.4 
m3/ha). Leachate flow fluctuations were smaller: Qmin = 0–2 m3/d, Qmax = 20–30 m3/d (3.89–5.84 
m3/ha). The study demonstrated that 60 % to 80 % of the rainwater falling on watertight areas and 
10 % to 30 % of the rainwater falling onto the landfill waste lifts reaches sewers (or drainage 
network), depending on the duration of rainfall and on the size of watertight areas. The dynamics 
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and flow rate of leachate is significantly affected by winter conditions and drought periods in 
summer (Paper I). 
 
Our research results indicate that: 

 very high concentrations of pollutants (and hence the pollution load) were detected in 
leachate and rainwater from composting areas (e.g., at the Jõelähtme landfill BOD7 3,960 
mgO2/l and COD 7,530 mgO/l, and at the Väätsa landfill BOD7 1,875 mgO2/l, COD 
9,300 mgO/l); 

 the amount and pollutant content of leachate is directly dependent on rainfall intensity. The 
pollutant concentration of LWW increased significally during rainfalls: SS up to 40 %, 
BOD7 50 %, and COD 70 %. The pollution load of TN increased 20 % and TP up to 40 %; 

 landfill leachates have a very high TN concentration and low concentration of TP; 
 at all investigated landfills, the ratio BOD:N:P (recommendable for biological treatment 

100:5:1) in LWW was out of balance. For example, in 2007 at Väätsa the ratio 
BOD7:TN:TP for LWW was 46.1:13.5:1 and for leachate 115:64.8:1, and at Uikala 
LWW, the ratio was 267:183:1 and 115:177.2:1, respectively; 

 values of the BOD7:COD ratio in different samples were as follows: Väätsa 0.3–0.5, 
Jõelähtme 0.2–0.7, Uikala 0.2–0.6, and Paikre 0.2–0.5. At Väätsa, the  BOD7:COD ratio 
of the leachate was in 2010 less than 0.1, what was caused by the presence of humic and 
fulvic acids, tannins, lignin and hazardous organic chemicals, pesticides and herbicides, 
and which decreased its biodegradability;  

 it is incorrect to use waste tyres in the landfill basements, as it causes a high iron 
concentration (6-8 mg/l) in the leachate, because iron corrodes in 5–6 years and blocks 
drainage systems; 

 the heavy metal content of LWW and leachate does not exceed the limits; 
 leachate is toxic and hinders biological treatment; 
 the temperature of LWW was in October to April 1 °C to 4 °C, which significantly 

hindered the biological treatment processes. For example, the efficiency of reverse 
osmosis increases 3 % for each degree of temperature rise while the efficiency of 
biological nitrogen removal in AS plants decreases.  
 

Before treating LWW, its flow rate, pollutant concentration and toxicity must be balanced and 
this is why equalising tanks (or ponds) and treatment plants with high capacity are necessary. 
 
To decrease the pollution load and flow rate of the wastewater that requires treatment, 
composting of biodegradable waste at landfills and conducting rainwater from composting areas 
to equalising tanks should be terminated. Clean rainwater from composting areas and other parts 
of the landfill may be discharged to a recipient as well as used for irrigating waste deposits for 
intensifying landfill gas production or diluting the highly polluted leachate during drought 
periods, thereby making treatment of the latter more efficient.  
 
When dimensioning equalising tanks, it should be taken into account that, according to previous 
studies, the rainwater flow from old landfills is up to 20 % and from new landfills up to 60 % of 
the amount of precipitation (Papers I and III). 
 
In 2007–2014, different technologies for treating LWW were tested and the operation of the 
already existing treatment plants at Väätsa, Torma and Uikala observed. The study results show 
that the only wastewater from the young landfills provided the expected results after biological 
treatment. When the of non-biodegradable organic matter and ammonia content increases to a 
critical level, the AS system will simply close down (Paper III).  
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Biological treatment is acceptable for pretreating LWW, when the following technological means 
are applied: 

 in activated sludge plants the hydraulic retention time for LWW should be prolonged 
two-fold in comparison to the time necessary for treating domestic wastewater; 

 the content of dissolved oxygen in the aeration chamber should be brought up to at least 
5–7 mg O2/l; 

 in winter conditions, it is recommended to maintain the positive temperature of leachate 
with technical measures. In the equalising tank, there should be a receiving well from 
where the leachate, without getting mixed with other wastewater, is pumped into the main 
treatment plant. Heat obtained from combustion of biogas can be used for warming up the 
leachate;  

 it is essential to remove grease and oil prior to biological treatment; 
 lack of incoming wastewater may become a problem for AS plants during longer drought 

periods or winters without snowmelt periods. In winter, the density of leachate may be 
over 1.0 t/m3, due to the lack of wastewater and high content of substances, making the 
treatment with AS more difficult (bulking AS is carried out from the sedimentation tank). 
It is recommended to recycle the effluent into the equalising tank to avoid such problems 
and breakdown of the treatment process; 

 additional treatment measures should be applied if biological methods are insufficient to 
meet the required degree of purification and allowed limits of pollutant (especially 
nitrogen) concentration in the effluent; 

 biological co-treatment of leachate and domestic wastewater has certain technological 
and economic advantages. However, for avoiding the hindering impact of the leachate on 
the treatment process and safeguarding meeting the quality limits of treated wastewater, it 
is essential to ensure that the percentage of leachate would not exceed 10 %.  

 
During our studies it was found that after equalisation of the flow rate and pollutant concentration 
of the LWW in an equalising tank, the most suitable treatment method is two-stage reverse 
osmosis (RO), wich may be followed by biological treatment. Other treatment methods, that were 
studied, included the aerobic biological oxidation process, ozonation process, coagulation 
process, post-ozonation of the coagulated LWW, post-ozonation of treatment plant effluent, post-
ozonation of LWW that had been biologically treated in a AS plant, lime coagulation and post-
ozonation of LWW, coagulation with oil-shale ash and the Fenton process, did not provide a 
degree of purification required by legislation.  
 
In the first stage of RO treatment of LWW, about 95 % of nitrogen was removed, and in the 
second stage 99 % of the remainder. When choosing filters for RO it is recommended to keep to 
the following principles (Papers II and III): 

 the RO-filter should be able to remove most of the COD and nitrogen content from 
LWW. In the case of two-stage RO, DT disk module membranes were used and it was 
possible to achieve the permitted limit values for COD, BOD, SS, TP and TN; 

 before applying RO, the content of SS in water shoud be decreased. A sand filter enabling 
fast flow should be used ahead of DT filters. 

  
In new landfills that are separated from the surrounding environment with geomembrane, the 
practice of directing leachate and/or RO concentrate as well as excess activated sludge from 
biological treatment to the waste deposit for irrigation, may be considered to be one of the steps 
of the wastewater treatment process. The aim is to accumulate the pollutants in the deposit and, in 
the case of excess sludge, to perform post-treatment of the latter in the deposit with the help of 
aerobic and anaerobic processes.  
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Landfill leachate and concentrate from RO treatment are toxic and can only be used for watering 
closed depositing fields, where the extraction of biogas is in the final stage. The low C:N ratio in 
the concentrate LLE refers to its low carbon (C) and excessive nitrogen content. During the 
fermentation process, at first carbon is used, and nitrogen becomes toxic for the methanogenic 
bacteria when the carbon content is insufficient. Therefore, LLE can only be fermented with 
carbon-rich co-substrate and in small volumes (Paper III). 
 
Based on the TUT Environmental Engineering Institute previous research at Väätsa, a new LWW 
collection and treatment system was designed and put into service in 2011/2012. The system 
consists of an equalising tank, a physicochemical treatment (RO) unit following biological 
treatment (AS), and a stabilisation pond system. Since April 2012, when the new LWW treatment 
system began to function, the effluent from the WWTP was in compliance with the water permit 
requirements. The average treatment efficiency in the period between 2013 and 2015 was 
recorded at over 99 % of BOD7, COD, TN and TP and over 90 % of SS (Paper III). 
 
Composting biodegradable waste that is suitable for methane fermentation should be substituted 
with fermentation. It should be taken into account that methane fermentation followed by 
digestate composting is possible only for biodegradable waste that sorted before collection and 
pretreated by removing undigestible foreign matter. In the process of fermentation kitchen, food 
and animal waste are hygienised. In the near future, sorted biodegradable waste should be 
collected and the capacity of reusing them by methane fermentation in landfills and in other 
locations where biodegradable waste is accumulated should be developed (Paper III).  
 
On the basis of the results of our studies and laboratory experiments, the estimated average yield 
of biomethane produced from biodegradable waste deposited in landfills in Estonia was  
451.5 m3CH4/tVS. Substituting composting and depositing of biodegradable waste by anaerobic 
co-digestion according to the research would allow for the production of up to 23.07 million m3 
of biomethane annually, which could be converted into 226 thousand MWh of heat and electric 
energy (Paper III). 
 
The amount of biogas collected now from waste deposits of Estonian landfills is too small for 
running combined heat and power plants for the production of heat and electricity. If plants for 
methane fermentation of biodegradable waste were constructed at landfills, the amount of landfill 
gas could be significantly increased and cogeneration of heat and electricity on the basis of 
landfill gas would become cost-effective (Paper III).  
 
Methane fermentation is considered to be the most efficient way of biodegradable waste 
treatment, as biogas is generated. The digestate is rich in nutrients: TP (0.4–1.8 kg P/m3) and TN 
(3.5–4.5 kg N/m3), which can be used for fertilising cultivated land. 1 m3 of compost that is 
produced at the Väätsa landfill contains 3.5 kg TN, 0.41 kg TP and 0.54 kg TK. The digestate 
from fermenting biodegradable waste can, after adjusting its composition to meet legal 
requirements, be used in agriculture, greenery and recultivation as well as at forest plantations. 
Long-term research demonstrates that compost from methane fermented sludge from the Tallinn 
AS WWTP may successfully be used in greenery and recultivation, and in afforestation of 
abandoned less valuable arable land and cutover peatlands (Paper III). 
 
In the near future, LWW and leachate collection and treatment at landfills must be organised so 
that only landfill leachate, polluted rainwater from paved areas, domestic wastewater and 
wastewater from washing containers and other inventory are treated and only waste unsuitable for 
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recovery or energy production is landfilled. This would allow controlling environmentally 
hazardous emissions and can be achieved by: 

 reducing or ending composting of biodegradable waste which would significally decrease 
the flow rate and pollution load of LWW, and cut the necessary capacity of LWW 
collection and treatment facilities. If LWW is treated by RO, diluted RO concentrate is to 
be discharged into closed landfills or landfills that are in the state of closing. Wastewater 
treatment effluent that meets limit values is discharged to recipients; 

 using unpolluted rainwater from paved areas for moistening landfill waste layers in order 
to increase the volume of landfill gas. It can also be collected in holding ponds and used 
for extinguishing landfill fires and for keeping biological WWTP-s in operation during 
drought periods; 

 treating at landfills (waste management centres) separately collected solid waste for 
recovery (as material or producing new products) or preparing them for energy 
production; 

 landfilling only unsuitable for recovery waste that has been sorted out of domestic waste 
or incinerated it to produce electricity and thermal energy. Biodegradable waste that has 
been obtained by sorting and separate collection is methane-fermented on site; 

 replacing composting of biodegradable waste with fermentation on site. The collected 
from landfill waste layers and treated landfill gas is used for producing electricity and 
thermal energy in combined heat and power plants together with the biogas that is 
produced in biodegradable waste digesters.  
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ABSTRACT 
 
The continuously increasing requirements for environmental protection create problems in many 
countries, including Estonia, in treating LWW. In the present paper, the results of studies on the 
formation, chemical composition and treatment possibilities of LWW (including leachate) at five 
Estonian landfills are presented.    
 
LWW flow is high in the periods of spring and autumn rainfall and winter snow melts. At the 
Väätsa landfill, the different flow rates were measured: Qmin = 0–2 m3/d, Qmed = 10–20 m3/d (1.4 
to 2.9 m3/ha), Qmax = 50–95 m3/d (7.1 to 13.6 m3/ha), in some cases even up to 150 m3/d (21.4 
m3/ha). 
 
At first (since 2002) the  LWW was treated in an equalisation pond and somewhat later in an 
oxidation pond, a part of which was aerated, followed by an activated sludge unit. However, after 
six years of operation, the biodegradability index (BOD7:COD ratio) dropped below 0.1 and the 
TN concentration rose to 400 mg/l in 2008. As a result, the AS system became totally inefficient.  
 
In the years 2007 to 2013 at the TUT Environmental Engineering Institute, different technologies 
for LWW treatment were tested, and operation problems of several treatment plants at Estonian 
landfills was observed. It was found that after equalisation of the flow rate and pollutant 
concentration of the LWW in an equalising tank, the most suitable treatment method proved to be 
two-stage RO (with DT filters), which may be preceded by biological treatment. Other treatment 
methods did not provide the degree of purification that is required by legislation. The RO spiral 
membrane process was able to reduce the COD and BOD of biologically treated leachate by 97.9 
% and 93.2 %, respectively, even after 328 and 586 hours of running the test unit, but only 39.0 % 
and 21.7 % reductions in TP and TN were achieved. Neither RO (spiral membranes process) nor 
NF was able to reduce TN to the required discharge limit of 75 mgN/l.  
 
Based on the results of the research in the years 2012–2013, a new system for treating the Väätsa 
LWW was designed and constructed  that consists of the LWW collection system, equalisation 
tank, biological treatment unit, RO with DT filters, as well pumping and distribution system for 
discharging concentrate from the RO to the landfill. In the fourth quarter of 2013, treatment 
efficiency by BOD7 was 97.7 %, by SS 96.2 % and over 99 % for COD, Ntot and Ptot. 
 
At Estonian landfills, in addition to sorting and land filling of wastes, biodegradable waste is 
composted. The pollutant content and flow of rain and snowmelt water from composting areas are 
highly variable.  This has a significant influence on the possibilities and efficiency of the 
treatment methods. A possibility for solving of problems connected with LWW is to move from 
open composting of biodegradable waste to reactor composting or methane fermentation – an 
efficient means of treatment, in which useable biogas  is produced. The digestate from methane 
fermentation is rich in nutrients: TP (0.4-1.8 kg P/m3) and TN (3.5-4.5 kg N/m3). Compost that is 
produced at the Väätsa landfill contains 3.5 kg TN, 0.41 kg TP and 0.54 kg TK per cubic metre. 
The digestate from fermenting biodegradable waste, after unifying its contents with legal 
requirements, can be used in agriculture, greenery and recultivation. Successful long-term results 
have been obtained when using compost obtained by methane fermentation of the Tallinn 
wastewater treatment plant sludge. 
 
On the basis of the results of studies and laboratory experiments, the average yield of biomethane 
produced from biodegradable waste deposited in landfills in Estonia was calculated to be             
451.5 m3CH4/tVS. The rearrangement of composting and landfilling biodegradable waste and 
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substituting it with anaerobic co-digestion would enable to produce up to 23.1 million m3 of 
biomethane annually, which could be converted into 226 thousand MWh of heat and electric 
energy. 
 
At landfills, waste management and the collection and treatment of LWW (including leachate) 
should be organised so that only leachate, polluted rainwater from paved areas, wastewater from 
washing containers and other inventory, and domestic wastewater is treated, and solely waste 
unsuitable for recovery or energy production is landfilled. Environmentally hazardous emissions 
should be controlled as much as possible. 
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KOKKUVÕTE 
 
Üha karmistuvad keskkonnanõuded tekitavad paljudes riikides probleeme prügilareovee 
puhastamisel, nõnda ka Eestis.  
 
Käesolev töö võtab kokku viie Eesti prügila reo- ja nõrgvee keemilise koostisele ning 
prügilareovee puhastamisvõimalustele pühendatud uuringute tulemused.  
 
Prügilareovee vooluhulk on suur kevadiste ja sügiseste sajuperioodide ja lume sulamise ajal. 
Väätsa prügilas eri intensiivsusega sadude ja lumesulamise ajal mõõdetud prügilareovee 
vooluhulgad olid Qmin = 0–2 m3/d, Qkeskm = 10–20 m3/d (ööpäevas 1,4 –2,9 m3/ha) ning Qmax = 
50–95 m3/d (7,1–13,6 m3/ha), mõnikord isegi üle 150 m3/d (21,4 m3/ha). Algul (alates aastast 
2002) puhastati prügilareovett Väätsal ühtlustustiigis ja veidi hiljem biotiigis, millest pool oli 
õhustatav, ning aktiivmudapuhastis. Kuue aasta jooksul kahanes reovee biolagundatavus 
BHT7/KHT alla 0,1 ning Nüld kontsentratsioon tõusis 2008. aastal üle 400 mgN/l, mistõttu 
aktiivmudapuhastuse tõhusus oluliselt vähenes. 
 
Aastatel 2007–2013 uuriti Tallinna Tehnikaülikooli keskkonnatehnika instituudis mitmesuguseid 
prügilareovee puhastamise meetodeid ning vaadati üle Eesti prügilate reoveepuhastite käitamisel 
tekkinud probleemid. Selgus, et pärast prügilareovee vooluhulga ja reoainesisalduse ühtlustamist 
ühtlustusmahutis osutus sobivaimaks puhastusmeetodiks kaheastmeline DT-filtritega 
pöördosmoospuhastus kas eelneva bioloogilise puhastusega või ilma. Ülejäänud testitud 
puhastusmeetodid ei andnud õigusaktides nõutavaid tulemusi. Spiraalfiltritega 
pöördosmoospuhastus vähendas küll bioloogiliselt puhastatud prügilareovee BHT-d ja KHT-d 
vastavalt 97,9 ja 93,2 % isegi pärast katseseadme 328- ja 586-tunnist töötamist, kuid Püld ja Nüld 
sisaldus vähenes vaid 39,0 ja 21,7 %. Spiraalfiltritega PO- ja NF-protsessi katseseade ei suutnud 
saavutada õigusaktides nõutavat Nüld piirnormi 75 mg N/l. 
 
Tuginedes uurimistöö tulemustele projekteeriti ja ehitati aastatel 2012 ja 2013 Väätsale uus 
prügilareovee puhastussüsteem, mis koosneb kogumismahutist, töötlemisest DT-filtritega 
pöördosmoosseadmes, millele eelnes reovee ühtlustamine ja bioloogiline puhastus, ning 
pöördosmoosis tekkiva kontsentraadi prügilademesse pumpamis- ja jaotussüsteemist. 2013. aasta 
neljandas kvartalis oli uue süsteemi tõhusus väga hea: BHT7 97,7 %, heljumisisaldus 96,2 % ning 
KHT, Nüld ja Püld üle 99 %. 
 
Eesti prügilates toimub lisaks jäätmete sortimisele ja ladestamisele biolagunevate jäätmete 
kompostimine. Kompostimisväljakutelt voolava sademe- ja lumesulamisvee reostusaste ja 
vooluhulk muutuvad suurtes piirides. See mõjutab suuresti  reovee puhastamisviisi valikut ja 
tõhusust. Üks võimalusi reoveega seotud problemide lahendamiseks on oluliselt vähendada 
biolagunevate jäätmete kompostimist avaväljakutel ning üle minna reaktorkompostimisele või 
metaankääritamisele. Metaankääritamine on tõhus biolagunevate jäätmete käitlusviis, mis annab 
ka kasulikku biogaasi. Metaankääritamisel üle jääv digestaat sisaldab rohkesti peamisi 
taimetoitaineid fosforit (0,4–1,8 kg P/m3) ja lämmastikku (3,5–4,5 kg N/m3). Väätsa prügilas 
toodetud komposti kuupmeeter sisaldab 3,5 kg Nüld, 0,41 kg Püld ja 0,54 kg Küld. Õigusaktide 
nõuetele vastavat komposti ja metaankääriti digestaati saab kasutada põllumajanduses, 
haljastamisel ja rekultiveerimisel. Selles suhtes on pikaajalisi positiivseid kogemusi on selles 
Tallinna linna reoveepuhastusjaamal. 
 
Tuginedes sooritatud uuringute ja laboratoorsete katsete tulemustele, arvutati Eestis prügilatesse 
viidavate biolagunevate jäätmete keskmine biometaanisaagis – 451,5 m3CH4/tVS. Biolagunevate 
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jäätmete kompostimise ja prügilasse ladestamise ümberkorraldamine võimaldaks anaeroobse 
kääritamisega saada kuni 23,1 miljonit m3 biometaani aastas, millest saaks toota umbes 226 tuhat 
MWh soojus- ja elektrienergiat. 
 
Prügilates tuleb jäätmekäitlus ning prügilate reovee, sh nõrgvee, kogumine ja puhastamine 
korraldada nõnda, et puhastatakse ainult prügilademete nõrgvett, sillutatud aladelt voolavat 
reostunud sademevett, konteinerite ja muu inventari pesemisel tekkivat reovett ja prügila 
olmereovett ning ladestatakse üksnes taaskasutamiseks ja energia tootmiseks kõlbmatuid 
jäätmeid. Keskkonna saastamine tuleb viia miinimumini.  
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PAPER III 

Kuusik, Aare, Pachel, K., Kuusik, Argo, Loigu, E. (2016). Assessment of landfill wastewater 
pollutants and efficiency of different treatment methods. Proceeding of the Estonian Academy of 
Security Sciences, 65 (4), 1-23. 
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APPENDIX II CURRICULUM VITAE 

1. Personal data

First name  AARE 
Last name  KUUSIK 

Date and place of birth 11/10/1958, Tartu, Estonia 
Estonian ID code 35810110217 
Nationality Estonian 

2. Contact information

Address Vainu, Pudisoo, 74626, Harjumaa, Estonia 
Phone +372 5162476
E-mail aare@vetepere.ee

3. Education

Educational institution Graduation year Education (field of study/degree) 
Tallinn University of 
Technology  

1996 Master degree (Diploma CB 
000071), speciality: Master of 
Engineering 

Estonian Agricultural Academy 1982 Engineering degree (Diploma 3B 
no. 857074), speciality: Engineer 
of hydrotechnics 

Kehra Secondary School 1977 Secondary education 

Official title Hydraulic Engineer, M.Sc (Eng.) 

4. Language competence/skills

Language Level
Estonian Native language, fluent 
Finnish Intermediate
Russian Advanced
German Intermediate
English Intermediate
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5. Professional experience

Date from – 
date to 

Location Company Position Description 

Since March 
1996 

Pudisoo, 
Harjumaa, 
Estonia 

VETEPERE Ltd.  Manager Managing and realisation of 
water supply, sewerage, 
wastewater treatment and 
environmental projects. 
Environmental impact 
assessment. 

01.09.2011–
29.07.2012 

Tallinn, 
Estonia 

Tallinn University 
of Technology, 
Faculty of Civil 
Engineering 

Engineer Managing and realisation of 
water supply, sewerage, 
wastewater treatment and 
environmental projects. 

01.09.2008–
31.08.2011 

Tallinn, 
Estonia 

Tallinn University 
of Technology, 
Faculty of Civil 
Engineering, 
Department of 
Environmental 
Engineering  

Extraordinary 
researcher 

Managing and realisation of 
water supply, wastewater 
treatment, sewerage and 
environmental projects. 

January 1995– 
April 1997

Tallinn, 
Estonia 

FIXTEC Ltd. Sales manager Selling of sewage and water 
treatment technologies and 
facilities  

January 1993– 
January 1995

Tallinn, 
Estonia 

Ministry of 
Environment of 
Estonia 

Chief specialist Water and wastewater 
legislation 

January 1992– 
January 1993

Tallinn, 
Estonia 

Estonian Union of 
Rationalisation and 
Invention 

Consulting 
engineer 

Realisation of water supply, 
wastewater treatment and 
sewerage rationalisation and 
invention problems 

September 
1984– 
December 1991

Tallinn, 
Estonia 

State Project 
Institute “Land 
Reclamation 
Project” 

Chief engineer Managing and realisation of 
water supply, wastewater 
treatment, sewerage and 
environmental projects 

July 1984–
September 
1984  

Tallinn, 
Estonia 

Water 
Management 
Inspection of 
Estonia 

Chief engineer Inspection of  water and 
wastewater legislation 
implementation 

1982–1984 – Service in the 
Soviet Army 

– –

August 1982–
October 1982

Tallinn, 
Estonia 

Committee of 
Land Reclamation 
and Water 
Management. 

Chief specialist Water and wastewater 
legislation 

6. Special Courses

16.08-20.08.1993. SWEDEN. Norrkoping. Swedish Water and Wastewater Works Association 
(VAV). Wastewater treatment for minor urban areas. 
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27.09-17.12.1993. TEMPUS JEP – 4925 - 93/2 preliminary course. Tallinn Technical University. 
Open University. Centre for Continuing Education. 
01.03-31.05.1994. TEMPUS JEP – 4925/93 - 2 fundamental course. FINLAND. Tampere 
University of Technology. 
12.02-05.03.1993. Denmark. Silkeborg. The Freshwater Centre. Basic course on environmental 
administration and Special course on surface water and wastewater. 
18.05-29.05.1998. C&E Consulting und Engineering GmbH. Chemnitz. Germany. Preventive 
Protection of Water Resources. 

7. Defended theses

Master theses: Kuusik, A. Small wastewater treatment plants in Estonia. 1996. 247 p. 

Engineering theses: Kuusik, A. Improving water quality in small artificial lakes in the interests of 
fish farming. 1982. 91 p. 

8. Main areas of scientific work / current research topics

Study and implementation of new LWW (including leachate) and biodegradable waste treatment 
technologies in Estonia. Decreasing and balancing of LWW and increasing its degree of 
purification, including everything related to the treatment of leachate and other polluted water 
collected from the landfill on site or in a domestic WWTP as well as other activities related to the 
treatment of LWW, sewage sludge and biodegradable waste in landfills. Fermentation of 
biodegradable waste in landfills. The use of landfill gas and biogas obtained from the 
fermentation of biodegradable waste. The use of methane fermentation digestate. 

9. Membership of professional bodies

1993−... Estonian Water Association 

10. Scientific work

Kuusik, Aare, Pachel, K., Kuusik, Argo, Loigu, E. (2016). Assessment of landfill wastewater 
pollutants and efficiency of different treatment methods. Proceeding of the Estonian Academy of 
Security Sciences, 65 (4), 1-23. 

Kuusik, Aare, Pachel, K., Kuusik, Argo, Loigu, E., Tang, W. Z (2014). Reverse osmosis and 
nanofiltration of biologically treated leachate. Environmental Technology, 1-11, 
10.1080/09593330.2014.908241. 

Kuusik, Aare, Pachel, K., Kuusik, Argo, Loigu, E. (2014). Landfill runoff water and landfill 
leachate discharge and treatment. In: 9th International Conference Environmental Engineering: 
Water Engineering: Selected Papers (1-6). Vilnius, Lithuania: VGTU Press “Technika”. 

Kuusik, Argo, Pachel, K., Kuusik, Aare, Loigu, E. (2014). Anaerobic co-digestion of sewage 
sludge with fish farming waste. In: 9th International Conference on Environmental Engineering: 
Water Engineering (1-8). Vilnius, Lithuania: VGTU Press “Technika”. 



122 

Kuusik, Argo, Kuusik, Aare, Pachel, K., Loigu, E., Sokk, O. (2013). Generalised Integration of 
Solid Waste Treatment Practices to Enhance Methane Productivity, Generate Suspension 
Fertiliser and Upgrade Biogas. European Scientific Journal, 9 (36), 14-30. 

Kuusik, Argo, Kuusik, Aare, Loigu, E., Sokk, O., Pachel, K. (2013). Selection of Most Promising 
Substrates for Biogas Production. International Journal of Energy and Environment, 7 (3), 115-
124. 

Kuusik, Argo, Loigu, E., Kuusik, Aare, Sokk, O. (2013). Possibility of Enhancing Methane 
Productivity in Anaerobic Reactors in the Treatment of Excess Sludge from Wastewater 
Treatment Plants. International Journal of Science and Engineering Investigations, 2 (12), 33-36. 

Kuusik, Argo, Kuusik, Aare, Loigu, E., Sokk, O. (2013). Predicting Preferable Substrate Blends 
for the Production of Biogas. In: World Scientific and Engineering Academy and Society: Recent 
Advances in Environmental Science, Lemesis, Cyprus, 21-23 March 2013. WSEAS, 192-197. 

Kuusik, Aare, Loigu, E., Sokk, O., Kuusik, Argo. (2012). Enhancement of Methane Productivity 
of Anaerobic Reactors of Wastewater Treatment Plants. In: World Academy of Science, 
Engineering and Technology (Issue 65): WASET 2012 Tokyo, Japan International Conference, 
29-30 May 2012. WASET, 1191-1193. 

Kuusik, Aare, Sokk, O. (2005). Sewage sludge management and its possible trends in Estonia. In: 
Proceedings of the Water Environment Federation. Technology 2005. 2nd Joint Specialty 
Conference for Sustainable Management of Water Quality Systems for the 21st Century: Working 
to Protect Public Health. San Francisco, California, USA. 28-31 August 2005. San Francisco, 
California, USA. Publisher: Water Environment Federation, 962-967. 

Kuusik, Aare, Sokk, O. (2004). Sewage sludge management and its trends in Estonia. In: EWA 
Conference. Nutrient Management European Experiences and Perspectives. EWA Conference. 
Amsterdam. 28-29 September 2004. Amsterdam. EWA European Water Association, 131-138. 

11. Excerpt from published books, projects and expertise:

1. Kuusik, A. 1995. Small wastewater treatment plants in Estonia. Tallinn Universiy of
Technology. Department of Environmental Engineering. Tallinn, 1995. 247 p. 
2. Kuusik, A. Biogenics in wastewater. Tallinn, 1996. 39 p.
3. Kuusik, A. Large and small wastewater treatment plant effluent effect on receiving waters.
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