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ABSTRACT 20 

In recent decades, emerging contaminants / pollutants (EPs) have surfaced as one of the key 21 

environmental problems threatening ecosystems and public health. Most emerging contaminants are 22 

present in low concentrations, and therefore often remain undetected and are also referred to as 23 

‘micropollutants’. Despite this, many EPs raise considerable concerns regarding their impacts on 24 

human and environmental health. DEMEAU (Demonstration of promising technologies to address 25 

emerging pollutants in water and  wastewater), a European Seventh Framework Programme (EU-FP7, 26 

2013-2015) project, aimed to tackle EPs in drinking and wastewater by advancing the uptake of 27 

knowledge, prototypes, practices and removal technologies. The project followed a solutions-28 

oriented approach using applied research and demonstration sites, and explored four promising 29 

technologies for EP removal and/or degradation: Managed Aquifer Recharge (MAR), Hybrid Ceramic 30 

Membrane Filtration (HCMF), Automatic Neural Net Control Systems (ANCS) and Advanced Oxidation 31 

Techniques (AOT). Furthermore, Bioassays (BA) were investigated as an effects-based monitoring 32 

tool. This article shares new findings for each approach and their potential for widespread 33 

integration in the drinking- and wastewater sector. Research results from DEMEAU demonstration 34 

sites show that opportunities for synergies among these developments offer the most promising and 35 

effective methods for tackling EPs in the water sector. 36 

Introduction and objective 37 

Point and nonpoint chemical pollution stemming from agriculture (e.g. pesticides), human population 38 

(e.g. pharmaceuticals), and industry (e.g. perfluoro compounds), domestic usage, and industry has 39 



 

 

posed new challenges to the drinking and wastewater sector over the last decades. Coupled with 40 

demographic changes, climate change and an aging and deteriorating water infrastructure, research 41 

and innovation in the water sector has become critical to ensure the long-term sustainability and 42 

quality of water resources.  43 

Emerging contaminants (EPs) are substances that are not yet included in routine monitoring e.g. 44 

within the EU Water Framework Directive (Ref). They have surfaced as contaminants of concern due 45 

to their unknown long-term effects on ecosystem and human health (NORMAN Network 2015). 46 

There is already substantial knowledge on the negative impacts of endocrine disruptors on (aquatic) 47 

ecosystems stemming e.g. from pharmaceuticals, industrial chemicals and pesticides from 48 

agricultural and urban runoff (Wagner et al. 2017, Corcoran et al. 2010).For example, it is also known 49 

that EPs encompass a broader range of chemical agents that enter our environment (e.g. biocides 50 

leaching from house paint). Currently, there is little conclusive information on the whole suite of EPs 51 

and their impacts on human and ecosystem health. However,  Chèvre and Erkman (2011) estimated 52 

that 100’000 substances are allowed on the European market that can potentially be released in the 53 

environment, in addition to non-authorized substances (persistent substances that used to be 54 

allowed or substances transported from other world continents).  55 

 56 

In Europe, apart from the 45 priority substances that are outlined in its key piece of water legislation, 57 

the Water Framework Directive (WFD), the majority of EPs remain undiscovered as many known and 58 

especially new or unknown substances are not part of current monitoring routines despite that there 59 

are analytical methods available for discovering such substances (e.g. Schriks et al. 2010, Moschet et 60 

al. 2013). This gap in both monitoring and knowledge regarding risks and effects makes 61 

precautionary action essential which is embodied in the risk management approach of the WFD. 62 

To manage the risk posed by EPs, they require further scrutiny. Several technologies that remove or 63 

eliminate the substances in the wastewater sector have been developed but are still lacking broader 64 

implementation across the EU. Switzerland is an exception, where an amendment of the Water 65 

Protection Act in January 2016 now requires the implementation of an additional treatment step to 66 

remove EPs at certain wastewater treatment plants (Swiss Federal Council, Swiss Federal 67 

Environmental Agency BAFU 2013). ; Eggen et al. 2014).  68 

A better understanding of the link between early biological responses to chemical exposure of 69 

populations and communities is critical to closing this gap along with improved knowledge transfer 70 

and better science communication among key stakeholders (Pieron & van der Zouwen 2014). The 71 

DEMEAU project has begun to address these gaps in knowledge and practice by developing and 72 

implementing five promising technologies in demonstration sites across Europe. The project 73 

approach was iterative and interactive, using applied research to involve key stakeholders, including 74 

scientists, the private sector, and water utilities at the science-policy interface in order to facilitate 75 

uptake of the promising technologies, where appropriate. To this end, DEMEAU advanced new 76 

approaches to monitoring, achieving and maintaining a good chemical status of European water 77 

bodies. It also explored effect-based approaches to be applied in monitoring practices to highlight 78 

opportunities for improved coherence between water quality research (specifically targeting EPs), 79 

water regulation (specifically the Groundwater and Drinking Water Directive), and the drinking water 80 

and wastewater sector.  81 



 

 

 82 

Methods 83 

Technologies studied and case studies 84 

EPs occurrence in drinking water is dependent on a variety of factors including the potential EP 85 

sources in a catchment, the water source, the water quality highly influenced by weather patterns, 86 

production cycles, and/or the abstraction of water for other uses. Consequently, tests must be 87 

performed to determine whether further water treatment in addition to standard routines is 88 

required. 89 

Within DEMEAU, several promising approaches related to EP removal, process optimization and 90 

monitoring have been applied and tested. Technologies that have the ability to remove EPs include: 91 

Managed Aquifer Recharge (MAR), Hybrid Ceramic Membrane Filtration (HCMF), and oxidative 92 

techniques, including Advanced Oxidation Techniques (AOT). They were chosen due to their specific  93 

characteristics: MAR for its potential as natural low-energy system for EP removal but with 94 

difficulties to quantify and control EP removal efficiency; HCMF as a compact system combining 95 

adsorption and robust new membrane filtration; and AOT as an advanced system with proven 96 

technology (ozone, UV) for full-scale application. Additionally, Automated Neural Net Control 97 

Systems (ANCS) were applied to optimize technologies such as membrane filtration in order to make 98 

these technologies more environmentally and economically efficient. Cell-based (in vitro) bioassays 99 

were studied for their potential to be included in routine monitoring practices that assess the effects 100 

of EPs on human and ecosystem health.  101 

A number of case studies (Table 1) represented various stages along the innovation life cycle from 102 

the lab to full-scale application, and were conducted under different regulatory framework 103 

conditions in several countries, including Germany, Spain, the Netherlands and Switzerland. 104 

Table 1 Overview of case studies conducted in DEMEAU, adapted from Gross et al. (2015a) 105 

Case study  Current system DEMEAU study Location Scale 

MAR1: 

Organic 

reactive layer 

Groundwater recharge:  Addition of an organic 

layer for improved 

biological EP degradation 

Sant Vicenç dels 

Horts close to 

Barcelona (Spain) 

Pilot 

MAR2: AOP 

pre-

treatment 

Drinking water: Dune 

infiltration of pre-treated 

(coagulation, flocculation 

and sedimentation) 

surface water for later 

(min. residence time of 

20 days) abstraction  

Pre-treatment of influent 

water by ozonation 

followed by hydrogen 

peroxide (O3/H2O2) and in 

addition with UV 

(O3/H2O2/UV)  

DWTP of Dunea, 

the Netherlands 

Pilot 

HCMF1: 

Advanced 

wastewater 

Wastewater: Secondary 

municipal wastewater 

treatment 

Ceramic membrane 

reactor with powdered 

activated carbon (PAC)  

WWTP near Basel, 

Switzerland 

Pilot 



 

 

treatment 

OT1: 

Advanced 

wastewater 

treatment 

Wastewater: Secondary 

municipal wastewater 

treatment 

Ozonation WWTP Neugut, 

Switzerland 

Full 

BA1: Effects-

based 

monitoring 

Drinking water: Drinking 

water treatment plant 

Screening of possible 

effects using in-vitro 

bioassays 

Waternet DWTP 

near Amsterdam, 

the Netherlands 

Pilot 

Environmental, economic and societal unique selling propositions and 106 

recommendations for impact 107 

To study environmental and economic benefits and potential trade-offs of the technologies 108 

investigated in DEMEAU, Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) was performed in 109 

the case studies. These results were then used to formulate environmental and economic unique 110 

selling propositions (USPs, Remy et al. 2013) for each technology. In addition, societal drivers and 111 

barriers for technology uptake have been investigated with in-depth involvement of relevant 112 

stakeholders in workshops and surveys  along the different technology development stages (Remy et 113 

al. 2015). Finally, USPs were used to derive recommendations on how to improve uptake of these 114 

technologies in the water sector and enhance their impact to address the problem of EPs. The results 115 

of LCA, LCC and drivers and barriers analysis are only briefly described here, whereas more details 116 

are available in the related DEMEAU deliverables available online (Remy, Wencki et al. 2015). 117 

LCA (Figure 1) was used to quantify potential environmental impacts and benefits of DEMEAU 118 

technologies in comparison to existing reference technologies. The comparison was based on process 119 

data for EP removal efficiency measured on site or from literature, and energy and chemicals inputs 120 

as well as infrastructure collected for each site. Using LCA databases for background information 121 

such as the production of electricity, chemicals and materials, as well as the resource extraction and 122 

emissions into the environment occurring during these production processes, the overall 123 

environmental impact has been calculated as a set of environmental indicators with LCA software. 124 

While the effort for this additional water treatment step is mainly reflected on primary energy 125 

demand and related emissions (e.g. greenhouse gases), potential benefits of EP removal were 126 

characterized by assessing the avoided human toxicity and ecotoxicity impact of the released water.  127 



 

 

 128 
Figure 1: Concept for LCA assessment of water technologies. Left panel: typical system boundaries of an LCA 129 

for a water treatment system; right panel: framework of LCA according to ISO 14040/44 130 

 131 

One of the challenges DEMEAU encountered with regard to LCA application was (1) the limited 132 

number of possibly prevalent EPs actually monitored and measured at the different case study sites, 133 

and (2) the lack of specific LCA characterization factors for assessing their potential environmental 134 

impact in terms of human toxicity and ecotoxicity. For the first limitation, an extrapolation to the full 135 

EP load has been performed to prevent an underestimation of the total (eco)toxicological 136 

improvement potential in the water sample, as more EPs have been detected than those monitored. 137 

In order to tackle the second limitation, new characterization factors for nine selected organic EPs 138 

monitored within the project were calculated based on their toxicological and physico-chemical data, 139 

in alignment with the USEtox® consensus model for toxicity assessment in LCA (Rosenbaum, 140 

Bachmann et al. 2008). These new factors thus enabled an estimate of potentially avoided toxic 141 

impacts due to the elimination of monitored EPs with DEMEAU technologies, completed by an 142 

extrapolation of the full load toxicity removal that has a high uncertainty.  143 

LCC considers the real costs of applying the technology from a water treatment operator´s 144 

perspective (i.e. prices for analysis to pay to an external lab) instead of assessing the full life cycle 145 

costs of bioassays due to limitations in cost data for lab equipment, chemicals and personnel. 146 

The social drivers and barriers analysis conducted for the same case studies as LCA and LCC provided 147 

insights into enabling or constraining factors for market uptake. DEMEAU identified capacity gaps 148 

beyond the actual implementation of the technologies encompassing four different levels: 149 

(i) contextual, such as policies and regulations; (ii) inter-organizational, such as relationships, 150 

agreements and consultative networks among stakeholders; (iii) intra-organizational, such as 151 

organizational culture, procedures and resources within organizations; and (iv) individual such as 152 

relevant knowledge, skills and motivation of involved individuals. Initially, a drivers and barriers 153 

analysis was conducted using online surveys among stakeholders from the selected case studies. 154 

Results helped to identify at which level within the innovation process different stakeholders were 155 

most active, and revealed perceived drivers and barriers for the wider application of the 156 

technologies. Subsequent in-depth drivers and barriers assessment workshops and interviews helped 157 

to confront different stakeholder groups with these drivers, barriers and capacity gaps and to define 158 

possible ways to overcome barriers.  159 



 

 

In the following sections, the five technologies are explored in depth, including an assessment of 160 

their potential capacity to tackle EPs, applications of their use via case studies and an assessment of 161 

their environmental and economic effectiveness via life cycle analysis and costs.  162 

 163 

Results and discussion: Studied technologies to deal with emerging 164 

contaminants  165 

Managed Aquifer Recharge (MAR) 166 

MAR describes the intentional recharge (and storage) of water into an aquifer for subsequent 167 

recovery and/or for environmental benefits. MAR is applicable for drinking and wastewater 168 

treatment, and is often used in combination with additional treatment systems. 169 

MAR has been investigated in a variety of R&D projects and many installations in Europe have been 170 

in operation for decades. There is, however, a certain reluctance to install new sites despite that the 171 

EU WFD mentions MAR as a possible supplementary measure to achieve good quantitative and 172 

qualitative groundwater status. This is partly due to the fact that certain organic trace substances 173 

persist in the subsurface and because the efficiency of the subsurface treatment largely depends on 174 

site specific characteristics (e.g. sorption capacity, availability of organic matter).  175 

MAR’s readiness to tackle emerging contaminants 176 

Removal of EPs during MAR occurs primarily as a result of sorption and biotransformation processes. 177 

Based on a literature review by Vilanova et al. (2013), the removal of selected emerging compounds 178 

is classified in relation to the predominant redox condition and the residence time in the subsurface 179 

(Figure 2). OtherOther factors such as temperature also influence the degradation rates and chemical 180 

structure of the EPsEPs, but redox and residence time are found to be most important. 181 

 182 

Figure 2: Example of removal matrix of emerging contaminants during subsurface passage (modified from 183 

Vilanova et al. 2013). 184 

Due to the redox dependant degradation of some contaminants, only MAR systems comprised of an 185 

oxic to anoxic redox sequence ensure maximum attenuation efficiency. Long soil-aquifer passage and 186 

high residence time favors interaction with sediments and the communities of microorganisms in the 187 

porous media, allowing for removal of contaminants through natural processes. 188 

Success stories of MAR systems 189 

To promote the application of MAR systems and to support operators and authorities to design and   190 

operate new MAR systems in compliance with European Water Directives while minimizing energy 191 



 

 

consumption and costs, DEMEAU developed and validated various supportive tools in the ‘DEMEAU 192 

MAR1 Toolbox: 193 

 Protocol for soil-column experiments assessing fate and transport of trace organics  194 

 Soil-column study protocol to assess the fate of emerging contaminants under MAR conditions 195 

 Hydraulic characterization of managed aquifer recharge sites by tracer techniques 196 

 Approaches to assess the long-term impact on ambient groundwater 197 

 Risk Assessment methodologies 198 

 Design criteria, including pre-treatment options 199 

With the knowledge of source water and intended end-use, the most appropriate pre-treatment 200 

methods and their removal efficiencies for contaminants of main concern as well as removal 201 

efficiencies in the MAR systems can now be assessed by using the DEMEAU MAR toolbox.  202 

  Environmental, economic and societal considerations of MAR case studies 203 

MAR can substitute or complement water storage, treatment, transfer and supply schemes (Dillon et 204 

al. 2009). Its capacity to remove EPs depends on a number of factors including e.g. MAR type, aquifer 205 

type, redox conditions, organic carbon content in the water, residence time, EP concentrations and 206 

temperature (Miret et al. 2013). TwoTwo case studies in DEMEAU aimed to increase their natural 207 

capacity to remove EPs: in the case study MAR1 (Table 1) through the addition of an organic reactive 208 

layer in pond infiltration, and in MAR2 (Table 2) through AOP pre-treatment. Further AOP case 209 

studies are described in chapter 4.3.    210 

The addition of an organic layer in MAR pond infiltration can improve the quality of infiltrated water 211 

by removing residual phosphorus and EPs, thus decreasing freshwater eutrophication and human 212 

and ecotoxicity. In case study MAR1, Carbamazepine and Sulfamethoxazole are contained in influent 213 

river water at low concentrations and are expected to be removed by ca. -10% and  -93% compared 214 

to influent by an organic reactive layer, based on results from laboratory soil column tests (ENSAT 215 

2012)). Due to very small concentrations of target EPs in the influent water, human and 216 

ecotoxicological impacts are similar with or without reactive layer in this specific case study. The 217 

energy demand and related carbon footprint of MAR pond infiltration would be increased by 40% per 218 

unit infiltrated water with a reactive organic layer, but still very low compared to other more 219 

technical water treatment processes. Reflecting the low resource demand during operation, the 220 

increase in life cycle costs would be negligible.  221 

In case study MAR2, a pilot-scale pre-treatment before MAR dune infiltration using AOP was tested. 222 

Two different AOP setups consisted of ozonation followed by hydrogen peroxide (O3/H2O2) and in 223 

addition with UV (O3/H2O2/UV). The pre-treatment reduced EPs susceptible to ozone and/or UV and 224 

subsequent biological processes in the dunes can further degrade oxidation products. The pilot-scale 225 

AOP pre-treatment reduced Sulfamethoxazole by -80% and Iopromide by -27% compared to the 226 

current system, in which Bezafibrate, Carbamazepine, Diclofenac and Metoprolol were already 227 

reduced below detection limits. Energy for ozonation and UV are the main considerations for 228 

environmental and cost impacts. In this example, the AOP pre-treatment would increase the carbon 229 

footprint by around +23% without UV and by +63% with UV per unit treated water, compared to the 230 

current system. If implemented at full scale, life cycle costs per unit treated water are expected to be 231 

                                                           
1 The toolbox includes illustrative case studies (http://demeau-fp7.eu/toolbox). 
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+15% higher with O3/H2O2 and +35% with O3/H2O2/UV, compared to the current system. Water 232 

transport via pumping was the main energy and cost factor in the current system (64% of the energy 233 

demand), thus if only water treatment was considered fractions would be proportionally higher.  234 

Online stakeholder interviews (Pieron and van der Zouwen 2014) showed that public opinion is 235 

considered a major barrier by the stakeholders in both MAR case studies, due to interventions 236 

changing the physical environment (e.g., pond construction) and concerns about environmental 237 

degradation. Particularly the potential (but not implemented) use of reclaimed water (i.e., pre-238 

treated wastewater) has raised opposition in case study MAR2. Involving local authorities from the 239 

start has been important and effective in both MAR case studies and authorities could be convinced 240 

about net beneficial effects on the environment. Probably one of the most significant barriers is the 241 

lack of regulatory embeddedness of MAR. In addition, MAR implementation is very context specific 242 

depending on type of source water, space, aquifer properties etc., making the establishment of 243 

general policies and regulations difficult.  244 

3.1.4 MAR’s USPs and recommendations for impact  245 

Based on the preceding considerations, the following environmental and economic USPs can be 246 

derived (adapted from Gross et al. 2015a): 247 

 MAR fulfils multiple objectives which cannot be replaced by a single technological system, 248 

including replenishment of groundwater resources, water storage, water quality improvements 249 

and water distribution.  250 

 Dune and pond infiltration are multi-functional barriers for contaminants with low energy and 251 

chemical needs.  252 

 AOP pre-treatment can mitigate potential risks from EPs, taking advantage of biological 253 

processes for degradation of oxidation products.  254 

 An additional reactive organic layer in pond infiltration can provide water quality improvements, 255 

eliminating some EPs with low additional energy needs.  256 

The following main recommendations for impact can be derived (adapted from Gross et al. 2015b): 257 

 Administration and policy level: Collaborate on realistic guidelines across involved sectors as 258 

well as coordination and dialogue between administrative levels (local, regional to national) and 259 

the public from the start of MAR planning.  260 

 Scientific community and technology developers: Take an active role in knowledge transfer 261 

between sites, and where necessary utilize and adapt emerging tools, such as e.g. the ‘decision 262 

tree for MAR impact evaluation’ (Miret et al. 2013) developed in DEMEAU. Disseminate of 263 

research results targeting non-scientists and non-experts to help involving local administration, 264 

NGOs and the public.   265 

 Utilities: Collaborate with (applied) research and share experiences.   266 

 267 

Hybrid Ceramic Membrane Filtration in water treatment 268 

Hybrid Ceramic Membrane Filtration (HCMF) is a combination of different water treatment 269 

technologies with Ceramic Membrane Filtration (CMF). Different combinations were demonstrated 270 

within the DEMEAU project.  271 

http://demeau-fp7.eu/technology-description/hcmf


 

 

Ceramic membranes offer several advantages over polymeric membranes such as better mechanical 272 

and chemical stability, better performance and a longer lifetime resulting in lower energy 273 

consumption, less waste and a more sustainable operation. In previous EU-projects the benefits of 274 

(hybrid) ceramic membrane filtration were proven on laboratory and pilot-scale for different 275 

applications (van den Hoven, 2009). 276 

Until recently the uptake of ceramic membranes was hampered by relatively high investment costs 277 

(Park et al. 2015). These costs could be reduced dramatically because of recent innovations such as 278 

hybrid ceramic membrane systems, innovations in reactor concepts (Galjaard, 2012), developments 279 

in automatic process control and integrity monitoring.  280 

 281 

Readiness to tackle emerging contaminants 282 

In hybrid membrane processes, powdered activated carbon (PAC) adsorption can be combined with 283 

membrane filtration to remove emerging contaminants from drinking water or wastewater. Such 284 

hybrid filtration systems have been shown to provide a very effective broadband elimination of these 285 

contaminants. In a pilot plant combining PAC adsorption with subsequent ultrafiltration (PAC/UF) or 286 

sand filtration at a wastewater treatment plant in Switzerland, more than 80% of over 70 potentially 287 

problematic emerging contaminants could be removed at a PAC dose between 10 and 20 mg L-1 288 

(Margot et al. 2013). The removal of emerging contaminants is primarily due to the adsorption of 289 

these contaminants to PAC and subsequent separation of PAC from the water (Margot et al. 2013). 290 

Sedimentation and sand filtration are more common PAC separation steps; however membrane 291 

filtration has the advantages of complete PAC and bacteria retention, high virus removal and low 292 

space requirements (Löwenberg et al. 2014).  293 

Ceramic membrane systems can achieve a stable operation and performance under high filtration 294 

flux rates, high feed water recovery rates and less chemical cleaning needs when compared to 295 

polymeric membranes. The strength of the ceramic membranes allows high backwash pressure to 296 

provide very good backwash efficiency and makes them furthermore resistant to chemical pre-297 

treatment of the water with oxidants (Lehman and Liu 2009). This would also enhance opportunities 298 

to combine oxidative treatment with hybrid membrane filtration. In addition, the appropriate quality 299 

of filtrate can be stably obtained without the risk of membrane breakage during a long lifetime 300 

(estimated over 10 years according to manufacturer information).  301 

 302 

Success stories 303 

DEMEAU contributed to the design and validation of the top and bottom plates of the CeraMac® 304 

reactor, a new ceramic membrane filtration system. Extensive testing showed that the reactor is 305 

stable and ready for implementation in the full scale drinking water production plant in Andijk (the 306 

Netherlands) and is currently being tested before becoming operable. 307 

To remove EPs from water, ceramic ultrafiltration membranes have to be combined with other 308 

treatment steps such as adsorption on activated carbon, creating Hybrid Ceramic Membrane Systems 309 

(HCMF). Pilot testing of HCMF at WWTPs in the region of Basel (Switzerland) and Almelo (The 310 

Netherlands) showed that EP removal from municipal wastewater was between 50 to 95% for most 311 

of the target EPs. Removal efficiency was particularly high for non-polar compounds (benzotriazole, 312 



 

 

carbamazepine and diclofenac) with 80 to 95 % (Löwenberg et al. 2014). Powdered activated carbon 313 

(PAC) was a crucial addition to improve removal of EPs and membrane fouling. Bioassays showed 314 

that HCMF was capable to remove up to 90% of the compounds triggering response in bioassays. 315 

(Ahmad et al. 2015) 316 

 317 

Environmental, economic and societal considerations of a HCMF case study 318 

HCMF combines an adsorbent such as PAC with ceramic membrane filtration to remove a broad 319 

spectrum of EPs from drinking water or pre-treated wastewater at a removal efficiency of more than 320 

80% of EPs found in Swiss wastewater at a PAC dose of ca. 15 mg L-1.  Compared with more common 321 

polymeric membranes, ceramic ones have generally a higher mechanical strength and durability, 322 

higher chemical resistance, higher permeability and longer lifespans. On the other hand, higher 323 

investment costs have limited their application in water treatment (Park et al. 2015).   324 

Advanced wastewater treatment with HCMF reduces a broad range of EPs. In the HCMF1 pilot-case 325 

study (Table 1), hybrid ceramic membrane filtration (HCMF) and hybrid polymeric membrane 326 

filtration (HPMF) were compared in a hypothetical implementation in an existing WWTP in 327 

Switzerland, based on results from a pilot-scale implementation (Oberschelp 2015). Previous 328 

research by Löwenberg et al. (2014) suggest that 99% of benzotriazole, 93% of carbamazepine, 76% 329 

of diclofenac, 77% of mecoprop and 54% of sulfamethoxazole would be removed from secondary 330 

treated wastewater at a PAC dosage of 15 mg L-1. Both HPMF and HCMF would reduce EPs in 331 

effluents with small overall environmental differences between the two systems. Compared to the 332 

current WWTP operation and taking into account background processes from PAC production and 333 

electricity, human and ecotoxicity potential would be reduced by ca. -45% and -30% to -35% per unit 334 

treated wastewater, respectively. Carbon emissions related mainly to PAC production are the main 335 

consideration regarding environmental trade-offs, with ca. 0.2 kg CO2eq. m-3 wastewater treated 336 

(Oberschelp 2015, calculated mainly from Bayer et al. 2005) at a dosing of 15 mg L-1 as in this pilot-337 

scale study. Given that the carbon balance in the studied WWTP is almost neutral due to energy 338 

recovery from sludge and the Swiss electricity mix, this is relevant. Uncertainties are substantial in 339 

this case, as PAC producers do not communicate the specific ingredients and origins of their 340 

products. In addition, uncertainties about ceramic membrane lifetime under real operational 341 

conditions for advance wastewater treatment make both environmental and economic 342 

considerations difficult at the current stage. Assuming a lifetime of seven years for polymeric 343 

membranes and 12 years for ceramic membranes, live cycle cost per unit treated water are ca. 4% 344 

higher for ceramic compared to polymeric membrane filtration.  345 

Online stakeholder interviews (Pieron and van der Zouwen 2014) showed that success factors for 346 

implementation of the technology consist mainly of very high expertise levels of the involved 347 

stakeholders (especially at the research partner), a highly motivated client (or launching customer) 348 

that is open to innovative ideas and willing to take part in experimenting, and good project planning. 349 

Cooperation among involved stakeholders went mostly smooth and efficient due to clear 350 

communication on all levels, shared goals and ambitions, and knowledge about each other's core 351 

strengths and capacities. The major challenge that emerged from the surveys is about the need for a 352 

shared sense of responsibility for and ownership of the whole project, instead of only focusing on the 353 

direct responsibilities of the involved individuals. 354 



 

 

USPs and recommendations for impact  355 

Based on the preceding considerations, the following environmental and economic USPs can be 356 

derived (adapted from Gross et al. 2015a): 357 

 Over the lifecycle of a WWTP hybrid membrane filtration with ceramic membranes (HCMF) is 358 

about as expensive as with polymeric membranes (HPMF), due to an expected longer lifetime of 359 

ceramic membranes. 360 

 The ecological performance of HCMF is slightly better than HPMF, due to a smaller membrane 361 

area required and related lower energy demand for aeration used for cleaning the membranes.  362 

 PAC in combination with ceramic or polymeric membrane filtration provides a highly effective 363 

broadband elimination of EPs with complete particle retention, disinfection properties and no 364 

by-products. On the other hand, PAC energy-intensive production also causes noteworthy 365 

environmental impacts especially with regard to the global warming potential.  366 

The following main recommendations for impact can be derived (adapted from Gross et al. 2015b): 367 

 Administration and policy level: Support environmentally friendlier PAC production and 368 

transparency on raw products, which commonly include anthracite, bituminous or lignite coal, 369 

peat, wood and/or coconut shells (Bayer et al. 2005). Promote research on renewable raw 370 

materials such as agricultural and food industry by-products such as nut shells or fruit stones 371 

(Aygün et al. 2003; Angin 2014). 372 

 Scientific community and technology developers: Search for ways to improve the environmental 373 

profile of PAC utilization along its life cycle from sourcing to deposition and/or reactivation, 374 

where possible. Strategies to minimize dosing include utilization of PAC’s maximum adsorption 375 

capacity and potential optimization via ANCS and/or bioassay based monitoring. Reduce aeration 376 

by advanced aeration techniques, e.g. by intermittent aeration or by utilization of non-aerated 377 

pressurized membrane systems. 378 

 379 

Advanced Oxidation Techniques for waste and drinking water treatment  380 

Oxidation and advanced oxidation techniques can be used to degrade a broad range of EPs in both 381 

drinking and wastewater. Currently there are few full-scale operational plants to demonstrate the 382 

removal of EPs, apart from ozonation and advanced oxidation with UV/H2O2 in drinking water 383 

treatment. As part of the DEMEAU project, demonstration studies applying ozonation were 384 

conducted for both drinking and wastewater. In addition, new types of UV/H2O2 reactors were 385 

applied. 386 

Readiness to tackle emerging contaminants 387 

Ozone is a powerful oxidizing agent that effectively degrades many organic compounds; particularly 388 

those which contain electron rich moieties like activated aromatic compounds or tertiary amines 389 

(von Sonntag and von Gunten, 2012). The addition of hydrogen peroxide leads to a faster 390 

decomposition of ozone to hydroxyl radicals, which are able to abate more persistent EPs in water 391 

with low natural organic matter (NOM). Advanced wastewater treatment with ozonation can, 392 

depending on specific pre-treated wastewater properties, eliminate more than 80% of EPs therein 393 

(Hollender et al. 2009). 394 

http://demeau-fp7.eu/technology-description/managed-aquifer-recharge


 

 

For water containing high amounts of bromide and low concentrations of NOM, the use of ozone is 395 

risky, as bromate may be formed as a suspected carcinogenic by-product. Ozonation is therefore 396 

problematic in drinking water production with high levels of bromide, e.g. in most Dutch surface 397 

waters. For the mitigation of bromate formation, ozone/H2O2 may be applied, or UV/H2O2, where no 398 

bromate is formed. UV/H2O2 comprises the photolysis of organic compounds by absorption of the UV 399 

irradiation and the photolysis of H2O2
 resulting in the formation of hydroxyl radicals that oxidize a 400 

broad variety of contaminants. 401 

Both oxidative technologies, ozonation with and without addition of H2O2, and UV/H2O2, were 402 

studied within the DEMEAU framework. The results showed that ozone, ozone/H2O2, and UV/H2O2 403 

can effectively convert a broad range of EPs.  A decision basis for the implementation of oxidation 404 

technologies to eliminate EPs was developed, where different parameters that influence the 405 

efficiency of oxidation and the formation of by-products are discussed (Mc Ardell et al. 2015). The 406 

tool helps to decide if oxidative treatment of wastewater is recommended and under which 407 

circumstances the treatment of drinking water with ozone, O3/H2O2, or UV/H2O2 may be the 408 

treatment of choice.  409 

 410 

Success stories 411 

Ozonation for wastewater treatment 412 

The WWTP Neugut in Dübendorf (CH), case study OT1, is the first wastewater treatment plant to 413 

comply with the new Swiss Water Protection Act that requires the implementation of an additional 414 

treatment step at selected plants to abate EPs. Within DEMEAU, the effectiveness of the ozonation 415 

technology regarding chemical and ecotoxicological water quality parameters at WWTP Neugut was 416 

investigated. Different doses of ozone were applied to determine the optimal conditions for 417 

removing selected EPs by more than 80% on average as required by the regulation (Bourgin et al. 418 

2018). Investigations on the behavior of certain substances under ozonation and elucidation of 419 

transformation products improved the understanding of the mechanism of ozone reactions with EPs 420 

(Borowska et al., 2016). Two toxic by-products, bromate and N-nitrosodimethylamine (NDMA), were 421 

analyzed according to a modular testing framework to evaluate the treatability of wastewater with 422 

ozone proposed by (Schindler Wildhaber et al., 2015), and were below the drinking water standards 423 

of the WHO after dilution in the receiving water body. Experimentation with different bioassays 424 

revealed that the wastewater treatment with ozone resulted in significantly reduced ecotoxicological 425 

effects compared to conventionally treated wastewater. Biological post-treatment contributed to 426 

further decreases and is generally recommended after ozonation as it eliminates easily degradable 427 

and potentially toxic ozonation reaction products like NDMA. 428 

Ozonation for drinking water treatment 429 

The efficiency of conventional ozonation and the advanced oxidation process O3/H2O2 under various 430 

conditions was studied in a pilot plant for the treatment of a surface water in Switzerland (Bourgin et 431 

al. (2017). Compounds reacting fast with ozone were well abated (>90%) even for the lowest ozone 432 

dose of 0.5 mg/L, but compounds only reacting with hydroxyl radicals showed much lower 433 

abatement. Generally, the abatement efficiency increased with higher ozone doses, higher pH and 434 

lower bromide concentrations. H2O2 addition accelerated the ozone conversion to hydroxyl radicals, 435 

which enabled a faster abatement of ozone-resistant micropollutants. It was demonstrated that the 436 



 

 

formation of bromate could be mitigated by H2O2 addition. Post-treatment by granular activated 437 

carbon (GAC) filtration enabled the reduction of microcontaminants and selected ozonation 438 

transformation products, but no changes in bromate were observed.  439 

 440 

UV/H2O2 for drinking water production 441 

Currently, the UV/H2O2 process is applied in reactors that have been optimized for UV disinfection 442 

with lower UV doses (20-70 mJ/cm2) than are needed for advanced oxidation to abate EPs (about 500 443 

mJ/cm2). Both reaction kinetics (of photolysis and oxidation) and flow through the UV reactor were 444 

modeled, and the results were used to design new UV reactors, optimized for advanced oxidation 445 

applications. These improved oxidation reactors were tested under different conditions at two 446 

drinking water utilities in the Netherlands, at Dunea and at the utility WML in Limburg. They showed 447 

a 70 - >80% decrease in energy demand, which was particularly important given that the high 448 

electricity requirements of traditional UV reactors are considered a major obstacle to broader 449 

application of the technology (Ahmad et al. 2015). Despite higher costs, an UV/H2O2 treatment may 450 

be considered in case of very high bromide concentration in the raw water.  451 

The results also showed that the water quality of influent water directly affects the overall efficiency 452 

of the technology. Treatment of water with a high UV-transmission (UV-T >85%) is more efficient and 453 

less energy demanding, whereas influent water with a lower UV-T (± 75%) shows a sharp increase in 454 

energy costs. Pre-treatment with O3/H2O2, or activated carbon of water with a lower UV-T, resulted 455 

in higher effectiveness and a lower energy demand by 30-70%, depending on the EPs being removed. 456 

(Ahmad et al. 2015) 457 

Environmental, economic and societal considerations of AOP case studies 458 

Both direct and indirect oxidation via ozone (O3) and hydroxyl radicals (OH.) can increase the 459 

degradability of many EPs for subsequent biological degradation (Abegglen and Siegrist 2012), e.g. in 460 

a sand filter. While oxidative processes have a long history in water treatment e.g. for disinfection 461 

and odor and taste elimination, targeting EPs is more recent. Applications include the advanced 462 

treatment of wastewater, drinking water, and integration in MAR schemes (c.f. DEMEAU case study 463 

MAR1). 464 

The OT1 case study was conducted on the newly built full-scale ozonation at the existing WWTP 465 

Neugut at the time of study (2015). Considering reduced emissions to local water resources based on 466 

the monitored 11 substances as well as background processes from installations and operations 467 

associated with ozonation – at 0.62 g O3 g
-1 DOC (dissolved organic carbon) or ca. 3 mg O3 L

-1
wastewater – 468 

resulted in no overall changes (including emissions from background processes) with regard to 469 

freshwater ecotoxicity, minor changes regarding human cancer related toxicity (+4%) and –44% 470 

reduction in human non-cancer toxicity. If the impacts of water emissions are extrapolated to a full 471 

load that exceeds by far the 11 monitored substances, this impact reduction is magnified as -39% and 472 

-51% respectively for freshwater ecotoxicity and human toxicity non-cancer effect. The carbon 473 

footprint is mainly due to the main plant infrastructure, operation and electricity. The energy 474 

consumption for local ozone generation from oxygen, which in the Swiss case study is electricity 475 

generated from hydro- and nuclear power, results in a low additional carbon footprint of ca. +8% . 476 

Already existing sand filters and favorable positioning of the ozone reactor resulted in a low 477 



 

 

investment cost in the Swiss case study. Overall, ozonation added ca. +3% to life cycle costs 478 

compared to the WWTP without ozonation.  479 

Online stakeholder interviews (Pieron and van der Zouwen 2014) uncovered perceived drivers of 480 

successful implementation, among which: positive past collaborative experiences among the 481 

involved stakeholders (resulting in trust and knowledge on ‘which buttons to push’ in challenging 482 

circumstances), involvement of authorities (leading to funding and legislative support), the 483 

innovative and open culture at the launching water utility, and the motivation of operating staff to 484 

acquire the required skills. One of the critical success factors that came up from the surveys was the 485 

process of combining expertise from various stakeholders (with knowledge on ecology, technology, 486 

decision-making, feasibility, etc.) to find pragmatic solutions that all stakeholders agree on.  487 

 488 

USPs and recommendations for impact  489 

Based on the preceding considerations, the following environmental and economic USPs can be 490 

derived (adapted from Gross et al. 2015a): 491 

 Ozonation with subsequent biological sand filtration as last treatment stage in wastewater 492 

treatment provides an effective broadband elimination of emerging contaminants. The 493 

magnitude of environmental trade-offs depends mainly on the source of electric energy used. 494 

 The additional ozonation can be installed and operated economically in existing WWTPs, 495 

especially if the conditions at the WWTP are favorable. Such costs saving conditions include a 496 

design allowing an operation without additional pumping requirements and the existence of a 497 

last biological filtration stage. 498 

 499 

The following main recommendations for impact can be derived (adapted from Gross et al. 2015b): 500 

 Administration and policy level: Foster integrative decision making involving scientist, 501 

administration, public and NGOs, which was mentioned by various key stakeholders in case study 502 

OT1 as key driver for implementation. Furthermore, a pro-active and transparent communication 503 

from an early stage was mentioned to promote momentum and trust in the process. Decide on a 504 

dependable list of target compounds, as technology selection is also depended on which 505 

compounds should be removed.   506 

 Scientific community and technology developers: Further explore effects of EPs and oxidation 507 

by-products to assure that relevant target compounds are identified and effective measures are 508 

taken. Continue efforts to improve monitoring of EP effects (e.g. using bioassays) and identified 509 

target compounds. 510 

In-vitro-bioassays for water quality monitoring 511 

Though targeted chemical analysis is routinely used in water quality monitoring and generally 512 

accepted in regulatory frameworks, its scope is restricted to a relatively small selection of 513 

compounds. In vitro bioassays can provide a either a stand-alone or a complementary monitoring 514 

technology in addition to single-substance chemical analysis. They are (bio)analytical techniques that 515 

offer the potential to increase the rigor and scope of current water quality monitoring and provide 516 

http://demeau-fp7.eu/technology-description/bioassays


 

 

the opportunity for measuring (eco)toxicological effects of groups of chemicals with a common mode 517 

of action, regardless of their structure, concentration and identity. (Jia et al. 2015) 518 

Readiness to monitor emerging contaminants 519 

In vitro bioassays identify the biological activity of a substance or environmental sample containing a 520 

complex mixture of both known and unknown EPs. Due to recent technological developments, 521 

modern in vitro bioassays are capable of quantitative effect-based monitoring of a broad range of 522 

known contaminants relevant to aquatic environments such as acute toxicity, endocrine disruption, 523 

genotoxicity, xenobiotic metabolism, or oxidative stress. These tools hold great promise in being 524 

introduced and integrated in current monitoring strategies. When combined with chemical analytics 525 

a powerful and cost effective system for water quality assessment can be designed. 526 

However, these technological innovations also face barriers including current legislation, which need 527 

to be revised in order to allow the use of these new technologies. Therefore, consensus building, 528 

standardisation and demonstration studies at launching facilities are essential to this process.   529 

Success stories 530 

As one of the first steps to the implementation of in vitro bioassays in the water sector, DEMEAU has 531 

selected a panel of bioassays to assess the effect of EPs for further validation (Schriks et al. 2014). 532 

Bioassays were selected with their suitability for DIN/ISO standardization, performance 533 

characteristics, validation status, costs and service availability. In total more than a hundred 534 

bioassays were evaluated with a focus on human health safety and modes of action relevant for the 535 

WFD compounds.  536 

In order to perform rapid and cost-effective water quality assessment, the capacity of the assays for 537 

high throughput screening (HTS) is important. Within DEMEAU HTS was applied for bioassays from 538 

the resulting assay panel using a certain type of in vitro bioassays based on human cell lines 539 

(CALUX®). High throughput activity assessment with the entire CALUX panel revealed that some 70% 540 

of the WFD chemicals were (eco)toxicologically active. The reason for this is that several chemicals 541 

are monitored because of their ubiquitous presence rather than their inherent toxicity. It also 542 

suggests that the panel of assays may still need some expansion. On the other hand, these bioassays 543 

have been shown to be powerful tools being able to assess toxicity of a much wider range of 544 

chemicals that currently monitored (refs…). Thus, hazard identification and risk assessment of such 545 

hugely complex chemical mixtures cannot rely solely on lists of prioritized chemicals, and warrants 546 

inclusion of biological methods which are now reliable and quantitative.  547 

For any analytical approach it is important to set realistic thresholds. Thus an important step in the 548 

regulatory acceptance of bioassay data was the creation of “trigger values” which define a level 549 

above which human health risks cannot be waived (Brand et al. 2013). 550 

Screening of various types of MAR sources (groundwater, surface water and WWTP effluent) 551 

revealed the importance of endocrine - oxidative stress and photosynthesis inhibition pathways. 552 

Clear differences between samples were detected. The results can help guiding optimization of the 553 

performance of the MAR site.  554 

Screening of a HCMF (PAC-UF) system for the removal of EPs from municipal wastewater showed 555 

high removal rates of hormonal effects, bacteria luminescence inhibition and photosynthesis 556 

inhibition in algae as induced by the spiked chemicals. Wastewater treatment with ozone resulted in 557 

significantly reduced activity in the majority of bioassays as compared to effects measured in the 558 



 

 

conventionally (biologically) treated wastewater. Higher activities after ozonation occurred in a few 559 

assays, which could be removed by suitable post-treatments. 560 

 561 

Environmental, economic and societal considerations of in-vitro bioassay case studies 562 

In-vitro bioassays have emerged a promising tool to assess potentially harmful effects from mixtures 563 

of contaminants in water, even if the compounds are not known. In-vitro bioassays could 564 

complement chemical and physical monitoring, providing opportunities for integration into existing 565 

monitoring strategies. Key application areas with regard to EPs would be the monitoring of potential 566 

toxicological risks, including the quantification of EP reduction measures such as technologies studied 567 

in DEMEAU.  568 

No detailed environmental and economic assessments were performed for in-vitro bioassays in 569 

DEMEAU. Additional energy and other resources for water quality monitoring are most likely not 570 

significant in comparison to resources needed for water treatment. In-vitro bioassays could be used 571 

as a screening tool in case study BA1 to partially replace chemical analysis by LC-MS/MS (cost per 572 

sample in the range of 600 EUR), which in that case is only used when bioassays (cost per sample, 573 

including required solid phase extraction, in the range of 160 EUR) indicate some effects.  574 

 575 

Online stakeholder interviews (Pieron and van der Zouwen 2014) resulted in an overview of drivers 576 

for implementation of in-vitro bioassays. A driver of implementation is the compatibility of bioassay 577 

monitoring with existing practices; they would be complementing existing chemical analysis 578 

techniques in very valuable ways and would not disturb the present monitoring process much. With 579 

regard to the implementation context, due to the innovative character of in-vitro bioassays, the 580 

broad possibilities are still unknown to a lot of potential end users in the water sector. Next to that, 581 

regulations do not yet cover thresholds on compound mixture effects; without regulations or norms, 582 

high levels of intrinsic motivation (to learn, gain insights) are required at the launching water utilities 583 

for successful implementation. The relation between demand (willingness to invest) and 584 

capacity/opportunity to further develop the technology is also mentioned as an important factor; 585 

when the demand is low, investments stay behind, being a barrier to further development, which in 586 

turn does not help to raise the demand and/or levels of knowledge. Progress depends thus on 587 

knowledgeable research institutes and (public) funding programmes.  588 

 589 

USPs and recommendations for impact 590 

Based on the preceding considerations, the following environmental and economic USPs can be 591 

derived (adapted from Gross et al. 2015a): 592 

 Effect-based in-vitro bioassays can give additional safety in water quality monitoring towards 593 

unknown or emerging compounds with potentially negative effects. 594 

 In-vitro bioassays for specific groups of compounds can provide a cost-effective way of regular 595 

screening of water quality by substituting a significant number of chemical analyses.  596 

The following main recommendations for impact can be derived (adapted from Gross et al. 2015b): 597 



 

 

 Administration and policy level: Develop standards and guidelines for applications, taking 598 

advantage of the fact that in-vitro assays detect possible problems even without specific 599 

knowledge of the compounds.   600 

 Scientific community and technology developers: Continue and intensify efforts to convey the 601 

concept of ‘toxicity’ regarding EPs to non-expert stakeholders, potentially lowering barriers to 602 

communicate results from in-vitro bioassay screenings.  603 

Further technologies explored in DEMEAU 604 

Artificial Neural Networks in combination with a Genetic Algorithm (GA) optimizer have been 605 

successfully applied to water treatment technologies as part of DEMEAU. The combination is called 606 

Automatic Neural Net Control System (ANCS). ANCS is primarily a computer-based system searching 607 

for process optimization that is fed with input signals from a technical process, such as sensor-data of 608 

a drinking water plant. In this way, the ANCS uses input information to determine the optimal 609 

performance of the process at hand. In the case of a drinking water plant, such a process could be a 610 

membrane filtration process, where the system aims to optimise its target parameters. Such 611 

parameters include permeability, energy consumption, or cost efficiency. 612 

Comparison / Synergies 613 

DEMEAU showcased the diverse application areas of the described technologies and their potential 614 

for removing or monitoring the removal of EPs from drinking and wastewater.  615 

LCAs and LCCs showed that interventions to remove emerging contaminants can have significant 616 

benefits on the local water quality, but are also accompanied by additional environmental impacts 617 

and costs due to required installations and resource demands such as labor, electricity and/or 618 

chemicals. Most environmental impacts are associated with the production of chemicals and energy 619 

needed and thus do not occur at the water treatment plant directly. Co-benefits, such as a 620 

minimization of additional impacts and pollution through EPs at the sources, should be considered, 621 

where feasible to maximize the removal of EPs. The layout and operation of EP removing 622 

technologies should optimize the resource demand. Both ANCS and in vitro bioassays provide 623 

synergetic options regarding this goal. ANCS, in particular, can be used to optimize the operation of 624 

drinking water treatment plants and WWTPs and may help improve environmental and economic 625 

footprints by cutting-down on chemicals and electricity demand and possibly reduced installation 626 

needs. In vitro bioassays have strong synergies with all EPs removal technologies and can be applied 627 

to monitor their effectiveness, and highlight local (eco)toxicological problems. They have already 628 

been applied to assess the feasibility of ozonation for wastewater treatment in combination with 629 

other parameters (Schindler Wildhaber et al. 2015) as well as for a performance review of various 630 

advanced treatment techniques (e.g. Kienle et al. 2011).  631 

Various synergies between the EPs removal technologies studied in DEMEAU have been highlighted 632 

and could improve future implementations. Applied in combination with ozonation or UV treatment, 633 

MAR can be used to remove by-products from the water. The capacity of MAR systems to remove 634 

EPs or by-products depends on site specific conditions.  635 

Depending on the use, pre-treatment of the source water and post-treatment of the abstracted 636 

water is possible using AOTs or H(C)MF (Maeng et al. 2011). Furthermore, treatment lines combining 637 

oxidative processes with H(C)MF have been used in drinking water treatment to take advantage of 638 



 

 

the individual strengths of the two technologies regarding removal of specific EPs. Such synergies 639 

could also be an option for advanced wastewater treatment.  640 

Barriers and how to foster implementation of innovative water 641 

technologies 642 

The selection of treatment technologies to abate EPs depends on a number of factors including ease 643 

of integration into existing infrastructure and operations, available space, composition of the (pre-644 

treated) wastewater, EPs present in the source water and possible future specific regulations for 645 

target compounds. During the project, several barriers to the implementation of innovative 646 

technologies were uncovered. Regulation and political incentives are currently insufficient. 647 

Therefore, it could be useful to integrate regulators and policy makers closer into the project cycle.  648 

With regards to regulation, in vitro bioassays and MAR are particularly affected. In contrast to in vivo 649 

assays, which have already been applied for these purposes since decades, most in vitro bioassays 650 

are currently not included in the standardized monitoring routines for ecotoxicological effects and 651 

mixture toxicity, potentially due to the lack of knowledge of the technology on the part of the 652 

authorities. This lack of regulatory demand hampers interest of potential end-users in water utilities 653 

and the allocation of funds for validating the technology. MAR application is site-specific and requires 654 

individual assessment. The difficulty in generalization across cases makes a general policy or 655 

regulation challenging. However, early involvement of the local authorities has proven as an effective 656 

method for overcoming this barrier. So far, cooperation between authorities, water utilities and 657 

scientists is poorly developed and therefore no relevant changes in regulation are likely to be 658 

achieved.  659 

Here, political incentives have the power to create enabling and less risky environments. The 660 

currently existing lack thereof poses a barrier to the implementation of innovative technologies, 661 

particularly with regard to the implementation of the advanced treatment in water utilities or the 662 

requirement of energy efficient water treatment. With the funding of the project, several 663 

innovations could be developed further and it was therefore understood as an economic incentive. 664 

On the other hand, the lack of financial resources led to ceasing projects e.g. in Spain (MAR). 665 

Barriers to implementation stem from a variety of factors, including lack of knowledge and 666 

awareness on the side of authorities and the public (Pieron & van der Zouwen 2014). This latter 667 

barrier can be addressed through targeted communication, knowledge transfer and cooperation 668 

amongst sectors. At the same time, knowledge gained needs to be transferred into understandable 669 

information to the relevant stakeholders while also connecting to stakeholders’ worldviews. 670 

Practitioners also indicated that the decision is based on positive experiences with a specific 671 

technology at comparable sites. Effective communication to the public can also help to overcome a 672 

negative but uninformed public opinion, in addition to good cooperation and previous collaborative 673 

experience.   674 

Conclusions and outlook 675 

Amongst the investigated technologies that have the ability to remove EPs MAR, HCMF (in 676 

combination with PAC treatment), ozonation and UV/H2O2 treatment are promising candidates for 677 

many tasks in future water treatment schemes. 678 



 

 

MAR by natural infiltration ponds are a low-cost and low-energy option for groundwater recharge 679 

and can be implemented. In addition, these ponds can be upgraded or combined with other process 680 

steps (e.g. pre-treatment with advanced oxidation processes) to enhance their capacity for removal 681 

of EPs.  682 

HCMF can be applied to a diversity of water sources to produce high quality water, also removing 683 

EPs. Full scale drinking water treatment that uses HCMF is already in operation, both at PWN, as a 684 

pre-treatment for UV/H2O2, and at Vitens, to reuse rinse water of sand filters (both in the 685 

Netherlands). HCMF in combination with PAC, ozonation or ion exchange can also be used in 686 

treatment of wastewater, offering opportunities for future application.  687 

Ozonation requires less energy than UV/H2O2 processes, but they cannot be applied for drinking 688 

water production. It is one of the most economic treatment options to abate EPs and is implemented 689 

successfully in full-scale drinking water treatment and in recent years also for wastewater treatment. 690 

However, in some countries such as the Netherlands, surface water contains relatively high bromide 691 

concentrations, which leads upon reaction with ozone to the formation of bromate, a suspected 692 

carcinogen. In such a case, UV/H2O2 treatment is considered a useful alternative, despite the fact that 693 

energy requirements are substantially higher compared to treatment with ozone or O3/H2O2. The 694 

relatively high energy demand of UV processes pose a barrier to implementation of this technique, 695 

which could be improved with the newly designed reactors and possibilities for pre-treatment of the 696 

water. As a result, full scale application of UV/H2O2 processes can be the treatment of choice at 697 

locations with high bromide level. 698 

At the same time process optimization is an ongoing task for the water treatment sector. ANCS can 699 

be applied to a diverse range of systems and to systems of all sizes. The size of the treatment system 700 

is directly related to the economic viability of the plant, as time is an important factor when 701 

considering investment returns.  In particular ANCS are well applicable to membrane filtration 702 

processes due to their highly reproducible behavior. As such, scaling up the results from a pilot plant 703 

to the full scale operating plant does not present any major problems. ANCS has been found to 704 

increase environmental efficiency.  705 

On the monitoring side, in vitro bioassays have the ability to investigate water quality based on the 706 

specific toxic activity of the contaminants that are present, rather than their specific structures, and 707 

such bioassays present a wide scope of water quality monitoring from general toxicity tests to very 708 

specific biological activities. In addition, in vitro bioassays can act as a complementary tool to 709 

analytical techniques, where only the samples with a response above the empirically defined 710 

threshold level have to be examined further. The derivation of a threshold level (trigger values, 711 

bioassay guideline values) is thus a crucial step towards regulatory acceptance and practical 712 

application (e.g. Brand et al. 2013, Kunz et al. 2014, Escher et al. 2015).  713 

During the project, it could be shown that the technologies can reach an even higher effectiveness 714 

with regards to EPs treatment when applied in combination and further optimized. In an ideal case, 715 

in vitro bioassays could be applied for testing treated wastewater for specific activities (e.g. receptor 716 

acitivation) with regard to EPs and thus, indicate (eco)toxicity. If so, the water should be treated 717 

additionally with the advanced treatment technology, i.e. the so called fourth treatment step. It is 718 

suggested that at least the effectiveness of the advanced treatments should be routinely monitored 719 

with in vitro bioassays. Innovative, but more resource demanding technologies such as HCMF in 720 



 

 

combination with PAC would only be used when this treatment step is legally binding and also cost-721 

efficient. ANCS could also be applied along the process, to further optimize the technologies. Finally, 722 

water after ozonation could be further filtered and infiltrated using MAR. In such a way, the 723 

additional treatment would enhance the removal of EPs and potential by-products in case ozonation 724 

is applied. 725 

When it comes to advancing the uptake of innovative practices and technologies to clean waste and 726 

drinking water, no universal solution is available as the underlying reasons for the slow technology 727 

uptake are manifold. A package of updated regulations, laboratory research, site demonstrations, 728 

business case evaluation and targeted information of all relevant stakeholders can trigger a shift in 729 

the water sector. Reaching the aim of full scale application of innovative processes to tackle EPs in 730 

waste and drinking water will help to improve sustainable water resource management and secure 731 

water quality in the future. Innovation takes time; this aim is not yet achievable. However, EU funded 732 

research projects such as DEMEAU contribute to the road towards this goal. Research on the 733 

technologies mentioned in this article and carried out within DEMEAU advanced the knowledge basis 734 

created by previous EU research projects. Communication is crucial for technology uptake. The 735 

results gained through LCA and LCC of the technologies are powerful means to present technical 736 

information to policy makers and the public. The demonstration of the technologies brings the water 737 

sector closer to the goal. In a subsequent step, the potential of the synergies of these technologies 738 

needs to be fully exploited as these technologies should not only be seen as stand-alone approaches. 739 
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