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Executive Summary  

On e aim of the EU -funded research Project POWERSTEP  is to investigate the 

applicability of duckweed in wastewater treatment in removing nitrogen based on the 

principle of the APS duckweed plant system. The motivation for this investigation is the 

intended co mbination of the Hydrotech drum filter with the APS duckweed plant 

system at case study one of the POWERSTEP project. The goal is to demonstrate and 

market a new wastewater treatment concept heading towards energy  positive  

wastewater  treatment  plants.  The investigations  were  first carried out on a laboratory 

scale to identify suitable duckweed species, the optimal duckweed mat density, 

relative growth rate (RGR), doubling time and the ammonium removal under the given 

conditions at the case study.  Subsequent ly, the results were used to test on a large 

scale on a sewage treatment plant . From the four tested duckweed species Lemna 

Minor, Lemna Minuta, Landoltia Punctata and Spirodela Polyrhiza, the species Lemna 

Minor and Landoltia Punctata adapted best to the given wastewater composition. In a 

mix population of Lemna Minor and Landoltia Punctata  a  mat  density  of  0.075 g·  cm -2 

was  determined  to  be  best  in suppressing competitive submerged algae growth and 

enabling duckweed relative growth rates of 0.072 d -1 and doubling times of 9.93 days. 

Based on the APS duckweed plant system, mean daily ammonium removal of 0.56 g N·  

m -2d -1 and a daily ammonium degradation efficiency of 72.75% to a mean ammonium 

effluent of 12.26 m·l -1 was shown at a lab -scale for a retention t ime of 24 hours. Based 

on the results of this research, it can be concluded that the principle of the APS 

duckweed plant system under the use of Lemna Minor and Landoltia Punctata can be 

applied to remove ammonium from wastewater achieving high reduction r ates . The 

experim ent  on the wastewater treatment plant shows that the effectiveness of the 

purification process is heavily dependent on climatic conditions. For example, in the 

summer the duckweed had a  total nitrogen(TN)  removal rate of 40 -70%, while in w inter 

it was only 17 -40%. There were also great difficulties due to the occurrence of heavy 

storms. The plant  switched off and  was destroyed in many places  which led to a dying 

of duckweed . There were  also problems with the harvest of duckweed. Due to poor  

flow conditions, duckweed was  not easy to clear off  and could not be harvested.  
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1. Introduction  

Within the European project POWERSTEP, Work package 1 (WP 1) is dedicated to 

enhanced carbon extraction in preliminary clarification done  via micro -sc reen filtration 

of municipal raw wastewater after the grid followed by a treatment through the use of 

an innovative duckweed  reactor . The duckw eed is especially examined for their 

applicabi lity to low ering the input and increasing the usage of the energy potential of 

raw sewage.  

Duckweeds are known for thriving we ll on water bodies  rich in nitrogen and organic 

carbon compounds, partly relying on oxygen. Most of the carbon that is needed for 

their metabolic process is obtained via gaseous CO 2 from the air, so only a small 

amount of the carbon remains in the wastewater  (Landolt, 1987 ). Duckweeds grow with 

a doubling time of 29.8 hours under ideal conditions, which makes them the fastest 

growing angiosperms in the Kingdom plantae (Appenroth, 2015 ). Their fast growth rate, 

high production of biomass and nitrogen uptake rates of up to 1.67 g Ǚm -2Ǚd -1 (Hasan , 

2009) are promising features for remediating wastewaters low in carbon and rich in 

nitrogen.  

Within the frame of POWERSTEP, the ammonium degradation and biomass growth  is 

investigat ed in a half -automatic operated duckweed plant ð unique in execution and 

operation. In preliminary studies the behavior of duckweeds under the given 

environmental conditions and operational performance of the duckweed plant are 

investigated prior to its co mmissioning.  

The aim of this study is to carry out preliminary investigations on duck weed  growth 

under the expected environmental conditions in the Westewitz wastewater treatment 

plant . The specific objectives of the study are to:  

o Choos e the optimal duckwe ed species for the remediation  of the municipal 

wast ewater at WWTP  Westew itz; 

o Determine the optimal mat density of selected duckweeds based on growth 

rate and suppression of submerge d  algae;  

o Design and build a laboratory pilot based on the Aqua Plant Solut ion GmbH 

(APS) duckweed plant;  

o Carry out test runs in the laboratory pilot plant to determine ammonium removal 

and identify operational issues of the APS duckweed plant concept ; 

o Carry out test runs in the pilot plant to determine  the removal of  ammonium, 

total nitrogen and total phosphorus and the enrichment of nitrate;  

o Determine the optimal proportion of Duckweed for the methane recovery in 

BMP tests. 
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2. Theoretical Background  

2.1. Duckweed  

2.1.1. Overview  

Duckweeds are the smallest and fastest growing flowering plant s found in the plant 

kingdom (Wang, 2014b )_ENREF_4. They are aquatic plants floating on or below the 

surface of still and nutrient -rich fresh and brackish waters forming dense homogeneous 

or heterogeneous clonal populations (Armstrong, 2011 ),(Skillicorn, 1993). The duckweed 

family comprises of 37 different species divided into 5 genera (Appenroth, 2013) (Figure 

1). 

 

Figure 1 Left: Duck family on pond covered with duckweed (Bauribob, 2011); Right: The five 

genera of the duckweed family displayed on human hand (Lemnapedia, 2014)  

Duc kweeds can be found worldwide, though some species of duckweed are more 

prevalent in and better adapted to certain climatic zones. Duckweeds thriving in water 

bodies convert nutrients and minerals dissolved in the water column into plant biomass 

(Skillicorn, 1993). Duckweeds  have been observed to thrive well on eutrophicated 

water bodies rich in nutrients. They reproduce vegetatively by forming daughter fronds 

budding within pockets of a mother frond (Sree, 2015). Depending on species, age and 

environmental conditions, frond size varies between 0.4 to 15 mm (Goopy, 2003 ). Under 

ideal growth conditions the fastest of the duckweed species can double its biomass 

within 29.8 hours which complies with a rel ative growth rate of 0.559 d -1 (Sree, 2015). 

Ideal  growth  conditions are given between 25 ºC -28°C (Landolt, 1987 ), a lighting 

duration of 24 hours at 100 ȋmolǙm-2Ǚs-1 (Appenroth, 2016a ) and a pH value between 5 -8 

(Landolt, 1987 ).  
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2.1.2. Morphology  

Duckweeds are monocotyledons belonging to the botanical family. Figure 2 displays all 

known species and th eir relations based upon the chloroplast gene rbcL (Les, 2002). 

 

Figure 2: Cladogram displaying the relations among Lemnaceae species based on the chloroplast 

gene rbcL. Modified figure (Armstrong, 2011)  

Duckweeds belong to the macrophytes (aquatic plants) and are classified as higher 

plants. The appearance of duckweeds varies between genera and species, from small 

and leaf -like to spherical plant bodies (Landolt, 1992 ). The body is organized as frond 

which is not differentiated into a stem or leaf (Armstrong, 2011 ; Wang, 2014b ). Species 

of the genera Wolffia have the smallest frond size (0.4 mm) and the sp ecies Spirodela 

Polyrhiza with the biggest frond sizes (15 mm) (Goopy, 2003 ; Landolt, 1987 ). The fronds 

are either rootless (Wolffia or Wolffiella) or contain one or several roots (Lemna, 

Landoltia and Spirodela) (Armstro ng, 2011 ). Species belonging to Lemna form one root, 

Landoltia two to five and Spirodela three to five . Root characteristics can be used 

alongside other morphological features (frond size, flower pattern, etc.) to differentiate 

between different duckweed  species (Verma, 2015b ).  

Unlike most plants, duckweeds lack almost complete fibrous material as they do not 

need structural tissue to support their fronds (Skillicorn, 1993). Their tissue consists 

prevailingly of pa renchyma tissue containing chlorophyll which are separated by large 

air-filled intercellular spaces which provide buoyancy  (Goopy, 2003 ).  

Flowers are rare in many species and number one to two per frond (Landolt, 1992 ). 

Flowering and fruiting are rarely observed in most Lemnaceae species (Armstrong, 

2011; Hastie, 1992). Under  unfavorable environmental conditions such as low 

temperatures or desiccation, some duckweed species have the ability to form modified 

fronds called turions. In cases of low temperatures, these turions sink to the bottom of 
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the water body resurfacing under  more favorable climatic conditions to start a new 

generation of duckweeds (Ansari, 2011).  

2.1.3. Growth Conditions  

The growth of duckweed is dependent on a variety of environmental requirements ð 

eu trophicated and nutrient rich w aters supply an adequate amount of nutrients for 

metabolism, sunlight provides energy for photosynthesis , temperature affects 

metabolism rate, pH value influences nutrient absorption and a dense duckweed 

coverage rate helps fight against competitors like algae. Knowing the environmental 

requirements and effects of various environmental conditions on duckweed  helps in 

optimizing duckweed -based processes and applications. For cultivation and 

maintenance of duckweed applications, natural environmental conditions have to be 

simulated (Skillicorn, 1993). Depending on intended performance or product achieved 

via the duckweed applicat ion, the ideal growth conditions varies particularly for high 

growth rates or starch accumulation (Cui, 2015). Duckweeds can be grown on a variety 

of media ð in pond water, waste water from different sources (domestic or livestock 

farming) or specific artificial nutrient media matching their requirements. Duckweeds 

grown in axenic (sterile) cultures on a lab -scale for scientific st udies are especially 

grown in artificial nutrient media. Sterile growth conditions have the advantage of 

determining the effect of an investigated substance etc. on the duckweed without 

impacts introduced by microbial metabolism (Cross, 2006). Common nutrients media 

for breeding duckwee d (pure and modifi ed) are for instance Hoagland (Frédéric, 

2006;Vidakoviļ-Cifrek, 2013 ) and Pirson & Seidel Media (Vidakoviļ-Cifrek, 2013 ).  

Nutrient Requirements   

In nature decaying organic matter supplies them with nutrients and trace elements for 

growth and metabolism (Willet, 2005). Most plant s absorb carbon and oxygen over the 

air and obtain mineral nutrients from the soil (Mengel, 2001 ). The free floating 

duckweeds remove the required nutrients, either directly from the water, or by the 

means of microorganisms living on their lower frond and root surface. Required 

ma cronutrients such as nitrogen, phosphorus and potassium are gained from water  

meanwhile CO2 and O2 are received from the atmosphere. Duckweeds prefer 

gaseous CO2 as C source but are able to use carbonate and bicarbonate from the 

water (Landolt, 1987 ).  

Ammonium  

The preference of duckweeds for ammonium over nitrate (NO 3) has been examined in 

several individual investigations (Fang, 2007 ; Lüond, 1980 ; Porat h, 1982) and is stated 

throughout the literature (Hasan, 2009 ; ORON, 1988; Wang, 2016 ). Lüond (1980 ) for 

instance indicates that the growth rate of different duckweed species is higher in 

ammonium containing nutrient media than in nitrate containing nutrient media. Huang 

et al. (2013) state that for aquatic macrophytes ammonium assimilation requires les s 

energy than NO 3, therefore it is chosen as their main inorganic nitrogen source.  

Caicedo et al. (2000) investigated the influence of ammonium at concentrations of 3.5, 

20, 50, 100 mgǙl-1 onto the growth rate of Spirodela Polyrhiza coming to the conclusio n 

that at low ammonium  concentrations of 3.5 ð 20 mgǙl-1 the growth rate is higher than at 
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the higher ammonium concentrations. Wang,  et al. (2014) tested Lemna Minor at 

different ammonium concentrations (2, 7, 28, 84, 280 and 840 mgǙl-1) and show with an 

optimal growth at 28 mgǙl-1 a comparable result. Grow th at 840 mgǙl-1 was still visible 

though fronds were comparably smaller, lighter and paler and relative growth rate 

(RGR) at these high concentrations were significant ly reduced . Furthermore, Wang  et 

al.  (2014) describe NH 4
+ induced toxicity symptoms at the highest concentration 

inhibiting photosynthesis pigments.  

Phosphorous and potassium  

Phosphorus is taken up mostly as phosphate with an optimal concentration differing 

greatly between species; Spirode la Polyrhiza 3 ð 30 mg P l -1 (max. 54 mg P l -1); Lemna 

Minor 0.43 ð 10 mg P l -1 (max. 54 mg P l -1); Lemna gibba 0.08 ð 54 mg P l -1 (max. 271 mg P 

l-1) (Landolt, 1987 ). Phosphorus is essential for rapid growth and is next to nitrogen the 

major limiting nutrient (Hasan, 2009 ). According to Hasan and Chakrabarti (2009) 

highest growth rates are already achieved at 4 to 8 mg PǙl-1.  

Organic compounds  

Heterotrophic uptake of small organic compounds is said not to be of importance for 

the metabolism of macrophytes, but in comparative studies of wastewater treatment 

ponds with and without duckweed it has been shown that the biological oxygen 

de mand (BOD), COD and total suspended solids (TSS) removal efficiency was higher in 

ponds containing water hyacinths (Zimmo, 2003 ). An explanation could be given by the 

activity of microorganisms attached to the surface of duckweed in non -sterile cultures 

removing organic compounds from th e wastewater (Szabó, 1999).  

Highest growth rates are achieved in nutrient rich environments, meanwhile a high 

starch accumulation in duckweed fronds ð interesting for biofuel production - is 

reached under nutri ent starvation (Cui, 2011; Landolt, 1987 ). 

Temperature   

Growth rates of duckweed are greatly dependent on temperature with varying optimal 

requirements for different duckweed species (Landolt,  1987). They grow at water 

temperatures between 6 and 33 °C (Leng, 1995 ). Optimum growth rates for duckweed 

species between 25 and 31 °C are repor ted throughout the literature (Iqbal,  1999). 

Some species can tolerate temperatures near freezing; in general growth rate declines 

at low temperatures (Edwards, 1992 ). If water temperat ure drops below 0 °C some 

duckweed species sink to lower warmer levels of the water body and reemerge on the 

water surface under more favorable conditions (Iqbal, 1999 ) and others survive in starch 

filled bodies called turions which sink to the bottom of a water body and remain 

dormant unti l warmer temperatures trigger normal growth conditions (Edwards, 1992 ).  

pH Value  

The pH-value is a numeric scale described by the negative logarith m of the hydrogen 

ion concentration H+ to indicate whether a solution is acidic or alkaline (Taylor, 2000). 

The influence of the pH -value on nutrient absorption of water plants is complex. The pH -

value is particularly of importance for the upt ake of ions (Nultsch, 2012 ). Duckweeds 

grow well at pH values between 5 and 8, bes t around 6 (Landolt, 1987 ).  
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Reproduction  

Reproduction within the duckweed family is dependent on the genus. Reproduction 

takes place  vegetative ly (asexually) which can cause explosive development of clonal 

duckweed population under favorable environmental conditions (Mitchell, 1974 ). In the 

genera Spirodela, Landoltia and Lemna, daughter plants are produced vegetatively in 

2 lateral flattened budding pouches. In W olffiella, daught er plants develop in triangular 

shaped budding pouches and in Wolffia, in the form of a funnel -shaped budding both 

at the basal end ( (Armstrong, 2011 ). Figure 3 displays exemplary the duckweed species 

Lemna Minor including daughter fronds at different stages of development.  

 

Figure 3: View of a Lemna Minor mother plant with two daughter plants  in different development 

stages (Armstrong, 2011)  

2.1.4. Relative Growth Rates, Doubling Time, Specific Yield  

In science and praxis the biomass growth of duckweed under given conditions is 

estimated by the relative growth rate, doubling time and relative yield (Landolt, 1987 ; 

Poorter, 2013 ; Verma, 2015a ).  

Duckweeds have some of the highest bioaccumulation rates in the plant kingdom 

(Appenroth, 2015 ). The species Wolffia globosa is with a measured doubling time of 29.8 

hou rs under optimal growth conditions, making it the fastest growing flowering plant 

known in the plant kingdom (Appenroth, 2015 ; Sree, 2015). With a doubling time of less 

than 30 hours it is nearly twice as fast as other fast -growing flowering plants and 

conventional crops (Wang, 2014a ). Under idea l conditions and optimal nutrient supply, 

duckweeds nearly have an exponential growth (Landolt, 1987 ).  

The growth rates and doubling t ime of duckweeds vary greatly between species and 

even between different clones (Sree, 2015). For optimal growth conditions, duckweed 

requires sufficient nutrients, space, ideal temperature and available light of which 

temperature and light are the crucial parameters  (Hasan, 2009 ).  

The relative growth rate indicates plan t productivity relative to the size of the 

population. It is defined as the increase of material per unit of material present per unit 

of time (Mitchell, 1974 ).  
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2.1.5. Applications of duckweeds  

The ability of duckweeds to thrive on nutrient rich media, their fast growth rate, their 

biomass composition, relative easy cultivation and harvesting methods are best 

prerequisites for a variety of applications. Especially, in respect of decreasing natural 

resources and increasing demand for sustainable and natural products based on 

renewable resourc es duckweeds have the possibility to contribute their share. 

Duckweeds can be applied in wastewater treatment, bioenergy production, feed and 

food supplement, as fertilizer, in integrated farming systems, bioassay for water toxicity 

testing and many more a pplications.  

In wastewater treatment duckweeds are of interest especially because of their ability to 

thrive on nutrient rich media and remove nutrients from the water by binding them  into 

their biomass. The biomass composition of duckweeds is of interest  for bioenergy 

production as well as feed and food supplement.  

Duckweeds can be used for energy production by obtaining biofuels from them, such 

as ethanol, butanol and biogas (Cheng, 2009 ). The usefulness of duckweeds for energy 

production depends on its starch content. The starch content of duckweed can vary 

between 3 ð75% of its dry weight in dependence on environmental conditions (Van 

den Berg, 2015 ). Highest starch contents are achieved under nutrient starvation and at 

low temperatures (Landolt, 1987 ). Energy from duckweed can be obtained by 

hydrothermal processing and liquefaction, thermo -chemical conversion and bio -

chemical conversion (Verma, 2015b ). Xu et al. (2011) determined an overall starch 

conversation rate of 94.7% in ethanol production based upon duckweed with a starch 

content of 31% per dry matter. Verma and Suthar (2015b) state that due to certain sets 

of limitations d uckweeds cannot be used as sole feed in anaerobic digestion tanks, 

wherefore a co -fermentation with other conventional sludge is recommended.  
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3. Study ar ea  

3.1. Wastewater treatment Westewitz  

The wastewater treatment plant Westewitz (WWTP Westewitz), representi ng case study 

1 (CS1) within POWERSTEP, is allocated in Saxony, Germany, between Dresden and 

Leipzig ( Figure 4). It is designed for a wastewater volume equivalent to 2000 inhabitants 

which classifies it as a plant size of class 2 according to the German federal regulation 

(òAbwasserverordnungó). The plant has been  operated  in 2009 by OEWA Wasser und 

Abwasser GmbH since December. The catchment area includes three settlements and 

a specialist hospital which are connec ted to WWTP Westewitz via a separate drainage 

system (OEWA, 2012). 

 

Figure 4: Top view of the WWTP Westewitz (Left); Front view of Plant  (middle), View of 

Surrounding Area  (ri ght)  

 

The requirements for the discharge quality of WWTP Westewitz, shown in Table 2, are 

stricter than the demands set by the German federal regulation. These stricter limits 

have been imposed by the OEWA itself.   

Table 1: Loads and concentration  for dimensioning WWTP Westewitz (OEWA,  2012)  

Parameter  Thresholds for Discharge Quality  

BOD5 [mg/l]  < 40 

COD [mg/l]  < 70 

NH4-N [mg/l]  < 10 (for °C >10°C)  

TN [mg/l]  < 8 

TP [mg/l]  < 8 

 

The average inflow loads reaching WWTP Westew itz and the typical quality of domestic 

wastewater in Germany are shown in Table 1 which represents the basis for the design 

of WWTP Westewitz.  
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WWTP Westewitz Operation in Brief  

The WWTP Westewitz consists of a mechanical treatment (primary treatment)  and a 

biological treatment (secondary treatment). The initial WWTP Westewitz, excluding 

extensions met within the scope of POWERSTEP, comprises of the following components:  

o Inlet pumping station  

o Primary treatment (compact system for sieve and sand class ifier)  

o Sump shaft to feed the SBRs  

o 2 Sequencing Batch Reactors (SBR)  

o Sludge tank for thickening and storage  

 

The raw sewage is pumped over a pressure line to the primary treatment which 

comprises of a 6 mm sieve and a sand classifier. After the primary  treatment, the 

wastewater flows by gravity to the sump shaft where it is pumped to the sequencing 

batch reactors (SBRs). Due to the process changes and extensions within the scope of 

POWERSTEP, the preliminary treated wastewater is pumped to the Hydrotech  drum 

filter, where particulate  carbon is extracted. Subsequently, the drum filter effluent flows 

into the SBRs for secondary treatment. The approach and principles of the drum filter 

are described in chapter 3.3. The operation mode of WWTP Westewitz inclu ding the 

process changes on basis of the drum filter are displayed in Figure 5.  

 

Figure 5: Schemata of Westewitz WWTP after retrofitting with drum  filter  

The biological treatment at WWTP Westewitz consists of two SBRs. The wastewater is 

treated within the SBRs by  means of the activated sludge process build up on 

nitrification, denitrification, biological phosphorous elimination and a settlement phase. 

The last phase facilitates the removal  of purified wastewater. The excess sludge is 

pumped to a sludge tank for thickening ( Figure 5). The treated wastewater is 

discharged directly to the receiving water body òFreiberger Muldeó ð a water body of 
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water quality category 1 according to the European Water Framework Directive 

2000/60/EC (OEWA, 2012).  

3.2. Full-scale Duckweed reactor  

The greenhouse with the duckweed plant inside is situated at CS1 Westewitz o nsite the 

wastewater treatment plant and form part in POWERSTEP within WP2 ð nitrogen removal 

in main stream. The greenhouse and duckweed plant on pilot scale are designed by 

Aqua Plant Solutions GmbH (APS), a project partner within POWERSTEP. The approach  

of treating domestic wastewater over an almost automatic treatment method via a 

multiple layered duckweed plant hasnõt been tested in this execution and scale yet. Its 

design resembles the execution of indoor vertical farming with the same purpose of 

incr easing the productivity per base area. Within the scope of the APS plant that means 

the available tray surface area per base area.  

The main purpose is to eliminate nitrogen and phosphate components from the 

wastewater stream. The filtered wastewater is ta ken from the effluent of the Hydrotech 

drum filter. The APS duckweed plant comprises of 11 levels consisting of two trapezoid 

trays per level facilitating an overall surface area of 110 m² on a base area of the 

greenhouse of 36 m² ( Figure 6).  

 

Figure 6 Left:  Front view of Greenhouse containing the APS duckweed plant ;  Right:  duckweed 

plant trays of the APS system inside the greenhouse   
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4. Material & Methods  

4.1. Material  

The experim ental setup i s divided into three  main chapters, representing independent 

test series building up on each other. All were carried out at the WWTP Westewitz.  

o Laboratory experiments  

o Laboratory Plant   

o Pilot Plant  

4.1.1. Lab experiment  

Four different duckweed species were test ed for their applicability to remediate the 

preliminary filtered wastewater at WWTP Westewitz: Lemna Minor, Lemna Minuta, 

Landoltia Punctata and Spirodela Polyrhiza. All four duckweed species were provided 

by the KWB, obtained from the company GMBU in Hall e. During the experiment the 

concentrations of COD, total nitrogen (TN), total phosphorus (TP), nitrite, nitra te, ortho 

phosphate (PO 4
3-), pH value and temperature within the growing media were  

examined. The removal efficiency for ammonia, COD and TP were determined by the 

concentration difference before and after the change of nutrient media. TN, nitrite, 

nitrate and the pH value were examined to observe potential activities of nitrifying 

bacteria or algae. The temperature served as a control parameter for  stable 

environmental conditions.  

4.1.2. Laboratory Plant  

The construction of the laboratory plant was planned and executed following technical 

design and operational parameters of the APS duckweed plant. The laboratory pilot 

plant corresponds to 12% of the rea ctor size of one tray of the APS duckweed plant and 

permits operation during winter periods. The laboratory pilot plant aims to examine 

potential ammonium degradation efficiencies of the APS design concept and 

determine possible operational difficulties.  

 

Laboratory Plant Design   

The available space for the laboratory plant limited the duckweed reactor surface to 

0.6 m² (100cmx60cm). This complies with 12% of the reactor surface area of 5 cm² of 

one tray for the APS duckweed plant.  

The duckweed reactor is constructed out of a trapezoidal perspex sheet comprising of 

15 grooves which complies with the amount of grooves as executed for the APS 

duckweed plant. Each trapezoidal groove has a height of 1.9 cm. The short sides 

amount to 2.7 cm and the  long sites to  4.3 cm ( Figure 7). The perspex sheet is placed 

horizontally. The reactor area is realized by gluing 9 cm high rigid foam pieces on the 

edges rectangular towards the groove and perspex plates parallel towards the f irst and 

last groove. This modification allows variable supernatant of the reactor areas up to 4 

cm above the grooves.  
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The reactor surface area is formed by 14 of the 15 grooves with a raise in between 

each groove due to its trapezoidal shape  (Figure 7). The 15th groove ð the last groove ð 

is connected to an automatic gate valve which regulates the removal of treated water 

and duckweed. The duckweed reactor is fed over an inlet in the upper right corner and 

drained  by the gate valve in the lower left corner which is intended to enable an even 

distribution of filtrate.  

 

Figure 7: Trapezoidal shape of tray used for laboratory plant construction  

The design of the laboratory plant is conducted  based upon the reactor surface area 

of 0.6 m² which defines the required pump size, the size of storage containers, light 

requirement and the dimensions of construction and insulation material.  

The essential plant components which allow a semi-automatic operation as intended 

for the APS pilot duckweed plant are a peristaltic pump, a gate valve, LED lamps for 

lighting and storage containers. Additionally, due to climatic conditions, a heating 

device and insulation are installed to withstand outdoor tempera ture fluctuations.  

The duckweed reactor was built as a fully insulated box. The insulation is achieved by 2 

mm water impermeable extruded polystyrene foam attached to all internal surfaces of 

the box.  

The illumination within the box is achieved by two 15 Watt LED lamps with a red/blue 

diode ratio of 7:1 and 6:1 with a light intensity of max 20 ȋmolǙm-2Ǚs-1 at a distance of 

22 cm. The distance between the two lamps complies with the optimal distance 

between the LED Lamps for the APS duckweed plant suggested  by Wang (2016). Within 

the 60 cm reactor length, the lamps are arranged 15 cm parallel to the edges, which 

results in a distance between both lamps of 30 cm.  

Heating of the water temperature above outside temperatures is achieved by a 

heating cable laid directly underneath the trapezoidal perspex sheet. The heat supply 

is controlled with a thermostat ITC -308S from  the company Inkbird with a temperature 

range between -50°C to 120°C.  

The reactor volume of the 14 grooves including the 0.5 cm rise amounts  to  9 liters. With 

an additional supernatant of 0.5 cm to enable duckweed to spread out to the last 

groove, the reactor volume amounts  to  12 liters. The influent and effluent containers as 

displayed in Figure 22 have a holding capacity of 60 liters each, whic h enable an 

automatic operation for several days depending on the chosen HRT.  The laboratory 

pilot plant with its main components is displayed in Figure 8.  
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Figure 8 Left : Laboratory pilo t plant ; Right:  duckweed reactor including barrier and harvest groove  

(blue and red coloured)  

4.1.3. Pilot Plant  

Pilot Plant Design  

The filtered wastewater is fed to the trays where the duckweeds are floating on the 

surface. The shape of the trays is executed in  a way that the trays - and with them the 

du ckweeds ð would not become dry (e xception s especially in warm periods  due to 

evaporation ).  

The trays are made of Plexiglas with a trapezoidal shape. The dimensions are 

2.7x105x500 (HxWxL) cm, with a material thi ckness of 2 mm. Due to the trapezoidal 

shape each tray consists of 15 grooves ( Figure 9). Each tray has an influent and an 

effluent opening. The influent and effluent are situated at the opposite ends of  each 

tray diagonal, shifted to prevent short circuit currents. The tray is perfectly horizontal 

over its 5 -meter length but is slightly curved over its width with a maximum deflection of 

15 mm in the middle. The purpose of the deflection is to achieve a supernatant of 

filtrate to form a closed water surface as indicated with two fine black lines in Figure 9.  

 

Figure 9: Design of the trapezoidal perspex sheets as used in the APS pilot duckweed plant  

The idea of the APS pilot duckweed plant design is to gain a nearly automatic 

operation mode of feeding the plant with wastewater and removal of excess 

duckweed fronds and treated wastewater. A manual harvest would be substituted by 

automatic harvest via t he harvest pits ( Figure 10). 
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Figure 10: APS pilot d uckweed plant  

In the operating state, the preliminary filtered wastewater will be directed over pipes by 

gravity from the Hydrotec h drum  filter towards a one cubic intermediate bulk c ontainer 

(IBC) situated within the greenhouse. The IBC functions as a storage tank as well as a 

mixing tank for the possibility to recirculate effluent leaving the APS pilot duckweed 

plant. The filtered wastew ater is fed from the IBC to the plant over a duct on the top of 

the plant. From there it is distributed to the trays. The duct is fed by a progressive cavity 

pump allowing varying feeding regimes. The flow rate of the progressive cavity pump 

amounts to 4.8 8 lǙmin  -1. The inflow from the duct to each tray can be regulated via of 

ball valves. The hydraulic retention time of wastewater in the trays is determined by the 

feeding and harvest regime. The given geometry of the tray and designed harvest 

operation do  not allow great variation in filling levels. The filling volume formed by the 

supernatant of the curved trapezoidal perspex sheet as shown in Figure 9 amounts to 

65 liters. Every 1 mm filling level between the fil led volume and the last groove results in 

5 additional liters.  

The last groove ð indicated in Figure 9 as effluent ð is drained over a hydraulic lifting 

device. In the closed state, the effluent opening is blocked . During the opened state, 

the harvest pit is lifted by a pneumatic cylinder allowing treated wastewater and 

duckweed to drain out of the plant. The tray is designed in a way that only the last 

groove and supernatant is drained. Duckweed fronds swimming on  the trayõs surface 

propagate in the nutrient rich wastewater which increase the mat density and cause a 

shortage in space. Consequently, excess duckweed fronds are pushed towards the 

sides of the tray into the last frequently drained groove.  

Duckweed fro nds and the treated effluent are separated via a 200 ȋm sieve which is 

situated below the harvest pit. The duckweeds accumulating on the surface of the 

sieve are removed frequently manually.  
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Operational Parameters   

The operational parameters of the APS pilot duckweed plant suggested by APS are 

based upon outcomes of former investigations of duckweeds for wastewater 

remediation. The reactor volume per tray is 65 liters, with a total surface area of 6.315 

m² (Figure 9). The average water depth of the tray is due to its trapezoidal shape 1.24 

cm.  

Table 2: APS pilot duckweed p lant parameters  

Parameter   Unit  

Dimensions tray  500x105x2.7 (LxWxH)  cm  

Design of tray  Trapezoidal   

Reactor vol ume per tray  65  Liters  

Surface area per tray  5  m³  

Effluent per harvest  7  Liters  

 

The constant flow of the progressive cavity pump amounts to 5.5 l Ǚmin  -1. An alteration 

of the volume flow is technically not possible with this model, wherefore f eeding of the 

tray has to be met in accordance of the required amount of filtrate per tray and the 

number of trays which tend to be fed simultaneously.  

Considering a harvest of 7 liters per tray, this amount can be replaced with new 

wastewater, for one tra y, in 76.36 seconds. The feed of two trays amounts to  153 

seconds etc.  

4.2. Methods  

4.2.1. Lab experiment ð Removal of Ammonia and COD  

Experimental Operation   

The four duckweed species were added into four separate beakers  filled with 

wastewater and in tap water as a  reference. A modified toolbox served as an 

incubator in which the beakers were placed.  

The duckweeds were exposed to a white light LED 24 hour daily, positioned 22.5 cm 

above the duckweed surface area which represents the prospective distance of the 

hort iculture LED lamps to the trays in the APS Duckweed Plant. At a distance of 22.5 cm 

the light intensity amounted to 25 ȋmolǙm -2Ǚs -1. 50 % (20 ml) of the filtrate was changed 

on a daily basis representing an HRT of 2 days. The ambient temperatures were 

constantly between 16 - 17°C.  

The wastewater serving as nutrient media for the duckweed species was obtained from 

the pum p shaft of the SBRs at WWTP Westewitz. To receive a wastewater comparable 

to the expected effluent of the drum filter, the wastewater was additionally treated in 

the laboratory. During the execution of this experiment the Hydrotech drum filter was 

not yet in operation, therefore the production of artificial drum filter effluent in the 

laboratory was necessary. The operational steps of the Hydrotech drum filter of polymer 
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dosing, flocculation and precipitation and sieving (100 ȋm) were conducted in a one 

liter beaker, following the specific recommendation for the optimal procedure set by 

Herrmann (2016) who determined the optimal composition and procedure of polymer, 

flocculation and precipitation for the wastewater in Westewitz  within the scope of a 

master thesis on site ( Figure 11).  

 

Figure 11: Filtrate after flocculation and prec ipitation prior to sieving (100 Õm) 

Analytical Methods   

NH4-N, pH and the tempera ture were determined on a daily basis for the new filtrate 

and the removed (old) filtrate from the previous day (20 ml). Additionally, the COD 

concentration of the new filtrate was determined on a daily basis as well. TN, TP, NO 3-N, 

NO 2-N and ortho -phospha te were determined every other day for the old filtrate and 

new filtrate. The pH and temperature were determined by the pH meter type WTW 

Profiline pH3210 with errors of ±0.005 pH and ±0.1°C. For the determination of COD, NH 4-

N, TN, TP, NO3-N, NO 2-N and or tho -phosphate cuvette tests of the company HACH 

Lange GmbH were used. The error of the cuvette tests amounts ±10 % which is within 

the scope for permitted error deviations set by the worksheet DWA 704.  

COD, TN and TP were decomposed for 15 minutes at 170° C in a high temperature 

thermostat HT 200 S of Hach -Lange. Ammonium, nitrite, nitrate and ortho -phosphate 

were filtered with 0.45 ȋm pore size. The photometric evaluation was carried out in the 

spectrophotometer DR 2800 of Hach -Lange. Table 3 shows the d etermination intervals 

of analyzed parameters . 

Table 3: Determinat ion intervals of analysed parameters  

Parameter  Unit  Old filtrate  New filtrate  

COD  mg/l  2day -rhythm  daily  

TN  mg/l  2day -rhythm  2day -rhythm  

TP  mg/l  2day -rhythm  2day -rhythm  

NH4-N  mg/l  daily  daily  

NO3-N  mg/l  2day -rhythm  2day -rhythm  

NO2-N  mg/l  2day -rhythm  2day -rhythm  

ortho P  mg/l  2day -rhythm  2day -rhythm  
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Parameter  Unit  Old filtrate  New filtrate  

pH  -  daily  daily  

Temp  °C  daily  daily  

4.2.2. Lab experiment - Growth and pH  

During the second set of experiments the influence of mat density on the growth rate of 

duckweed with respect to supp ression of algae bloom, pH development and self -

hindering due to overcrowding was investigated also on laboratory scale.  

The duckweeds used within these experiments were gathered from two ponds in 

Tiergarten Berlin on the 14th of November 2016. The duckwe ed gathered from 

Tiergarten seemed to comprise of a mix of duckweed species. It was estimated that 

they contain Lemna Minor, Lemna Minuta, Landoltia Punctata and a few Spirodela 

Polyrhiza.  

Experimental Operation  

The mixed duckweeds from Tiergarten were investigated for their growth rate at initial 

mat -densities of 0.05, 0.075, 0.1 and 0.15 gǙcm-2. The duration per test series amounted 

to 7 days. In total, 8 test runs were carried out within the period 17th of January until the 

23rd of March 2017. The tot al test run series amounted to 56 days. Three different test 

run settings have been applied:  

o Consisting of three individual test runs with solely filtrate as nutrient media  

o Consisting of three test runs with additional Blue Exit to suppress cyanobacteria  

growth  

o Consisting of one test run with shading devices covering the beaker sides To 

prevent light from entering the sides of the beaker  

Four separate beakers with a diameter of 78 cm² were inoculated with 3.9 g duckweed 

(0.05 gǙcm-2), 5.85 g duckweed (0.075 gǙcm-2), 7.8 g duckweed (0.1 gǙcm-2) and 11.7 g 

duckweed (0.15 gǙcm-2). In each beaker, 150 ml filtrate was added daily. 150 ml 

repres ents a filling level of 2.5 cm as indented for the APS pilot duckweed plant. A fifth 

beaker with only filtrate was added for comparison of pH and O2 development. On 

Fridays, 450 ml w ere  added at once to bridge over the weekend. The old filtrate was 

not rem oved daily  for practical reasons,  but at the end of the 7 -day long test period. In 

former tests it was observed that a 100% removal of the filtrate by the means of sieves 

causes stress and damage to the duckweeds fronds and roots. Additionally, the daily 

filtrate change caused the removal of bacteria and algae which can occur under the 

tested conditions. A wash off of these would sophisticate the test results as in the APS 

duckweed plant the duckweeds cannot be washed on a daily basis.  

The latter two are u nwanted in general but could occur in the APS duckweed plant 

and would not be possible to be washed off. For this purpose, the daily adding of new 

filtrate until the last day of the experiment run was chosen.  

The experiments were carried out in the operat ion building at WWTP Westewitz. The 

growing media temperature was between 14 ð 17°C. The air temperature within the 

operation building varied though out the day, rarely exceeding 21°C. The temperature 
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of the daily added filtrate was between 7 - 10°C which c aused a temporary cooling of 

the media temperature. The duckweeds were illuminated by a horticulture LED Lamp 

with 11 Watt and a red/blue diode ratio of 7:1. The light duration was 24 hours per day 

and the light intensity amounted to 40 ȋmolǙm-2Ǚs -1. The light intensity was measured 

by the measurement instrument PAR Meter of the company Sun System.  

 

Figure 12: Experimental setup: Growth rate determination under different mat -densities  

Analytical Methods  

The pH value, O 2 concentration and duckweed weight were determined at least at the 

beginning and end of each test series. The fresh duckweed weight was determined 

following the procedure described by (Ziegler et al ., 2014). The duckweeds  were 

poured over 300 ð 500ȋm sieves and the dead biomass which accumulated at the 

bottom of the beakers was separated from the living duckweeds. Water attached to 

the duckweed surface was removed by paper towels for approximately 5 minutes. The 

determination of the weight was carri ed out with the scale Kern 572 -32 (max. 421g, 

d=0.001 g). The pH value was determined with pH meter WTW pH3210 as already 

described in chapter 4.1. The dissolved Oxygen (DO) was measured with the Multimeter 

3420 of the company WTW. In the test series starte d on the 23.02.2017, 02.03.2017 and 

09.03.2017 a 0.05% salycilate acid solution called Blue Exit from the company Easy Life 

was added to suppress cyanobacteria grow. The doses per beaker were 80 ȋl (on 

Friday), 100 ȋl (on Monday), 120 ȋl (Tuesday), 140 ȋl (Wednesday), 160 ȋl (Thursday) ð 

increasing doses with increasing filling level in the beakers.  

4.2.3. Laboratory plant  

Seven experimental runs were carried out during the 5 th of January 2017 until the  21st of 

April 2017 with test durations varying between 4 to 17 days. Table 4 gives a more 

detailed overview of the duration dates of the seven test runs carried out.  

Table 4: Displaying starting and end date, test duration and measurement points per test run  

Test run  Starting  

Date 

Ending 

Date 

Duration 

[days]  

Measurements  

[days]  

1st run 04.01.2017 16.01.2017 12 8 

2nd run  16.01.2017 20.01.2017 4 4 

3rd run  25.01.2017 10.02.2017 16 12 








































































