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Abstract 

Climate change and overpopulation have raised significant concerns regarding the security of the food 

chain. The availability of nutrients is crucial for crop growth and agricultural productivity. In recent 

years, there has been growing apprehension about the supply of P, upon which Europe heavily relies 

on external sources. Additionally, the production of reactive nitrogen compounds has had a substantial 

environmental impact. 

This doctoral thesis, titled "Evaluation of Nutrient Recovery from Urban Wastewater for Sustainable 

Fertilizer Production," focuses on addressing these challenges by developing innovative strategies for 

the efficient recovery of nutrients from urban wastewater. The research aims to reduce dependence 

on external P sources and mitigate the environmental impact associated with reactive nitrogen 

production. 

The research aims to develop a technology for the recovery of nitrogen from urban wastewater and 

its transformation into valuable fertilizers. By reducing the carbon footprint associated with nitrogen 

production and optimizing P recovery, this study contributes to sustainable water resource 

management and nutrient cycling. 

Through three published articles (Chapter 3-5), this PhD thesis delves into an evaluation of 

nitrogen flows in Spain, aiming to provide valuable insights and options for enhancing nutrient 

circularity within the country. Additionally, a novel technology based on ion exchange and liquid-

liquid membrane contactors has been implemented and assessed for the recovery and 

valorization of nitrogen. The evaluation includes a comprehensive analysis of the techno-

economic feasibility of the technology, followed by a life cycle assessment of the entire value 

chain. This encompasses nutrient recovery at wastewater treatment plants (WWTPs) and the 

subsequent valorization of the recovered nutrients as fertilizers, accompanied by the 

development of a corresponding business model. The findings from this research shed light on 

potential pathways for improving nutrient circularity, while considering both the economic 

viability and environmental sustainability aspects of the value chain. 
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1 Chapter 1: Introduction 

 Nitrogen flows in Spain 

Prior to the 20th century, the nitrogen (N) cycle in natural ecosystems was regulated through biological 

N fixation (BNF), lightning N fixation (LNF), N deposition, and denitrification [1]. However, the 

development of the Haber-Bosch nitrogen fixation (HBNF) process has introduced a significant 

amount of reactive nitrogen (Nr) into terrestrial ecosystems. This increase in Nr has occurred to ensure 

global food security and meet the demands of approximately 48% of the world's population [2]. 

Consequently, the N cycles in both terrestrial and marine ecosystems have been heavily disrupted 

[1]. Furthermore, the inefficient use of fertilizers leads to significant nutrient losses [3]. Approximately 

80% of N and 25-75% of phosphorous are lost to the environment through run-off, leaching, and off-

gas emissions. These losses contribute to environmental problems such as eutrophication and global 

warming, while leaving insufficient nutrients in the soil for crop growth [3,4]. 

Unlike other essential nutrients such as phosphorous (P), N is abundant in the atmosphere as N2(g). 

The challenge lies in the fact that the conversion of N2(g) into reactive forms (Nr) is highly energy-

intensive and dependent on fossil fuels [5]. Studies have shown that the Haber-Bosch process, which 

is used to produce synthetic N fertilizer, accounts for 2.5% of global fossil energy consumption and 

generates 4-8 tons of CO2 equivalent per ton of synthesized N fertilizer [6,7]. 

The impacts of Nr on natural ecosystems (e.g., air, water bodies, and soils), human health, and its 

correlation with climate change have been extensively reviewed [8]. These studies highlight the 

cascade of effects caused by Nr; however, more data is needed to quantify the components of this 

cascade and support effective policy options. Anthropogenic activities, particularly the widespread use 

of inorganic fertilizers in agriculture, have been identified as the main driving force behind alterations 

in the natural N cycle [9]. 

According to the FAOSTAT database on N fertilizers, in 2016, China was leading the market, 

especially in the production sector [10]. This indicator agrees with the fact that Asia comprises a full 

30% of the world's land area with 60% of the world's current population. Other regions such as 

America and Oceania are more reliant on external sources to meet the internal demand. Africa is an 

exceptional case. Due to historical, climate and economic reasons, some regions of the continent face 
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scarcity of food and water, which has led to distinct challenges in the agricultural production field [11]. 

Europe shows particularly high rates of import and export of N fertilizers, although domestic production 

is sufficient for the agricultural needs of the region [12]. The estimated consumption of mineral N 

fertilizers in the EU-27 has remained around 10 million tons in the last ten years with fluctuations and 

a slight upward trend [13]. On the other hand, there is a decreasing trend with a period of stabilization 

for the gross N balance in agricultural land in EU-28 since 2004 [14]. The countries with the highest N 

fertilizer consumption are, in order, France and Germany. Following with similar amounts around 1 

million tons in 2017 stand Poland, the UK, Turkey and Spain [13]. 

Spain plays a significant role as an exporter of agricultural products globally, particularly in the 

European market [15]. However, in the early 1960s, Spain relied mostly on domestic production to 

meet its food and feed supply needs. By the early 21st century, the country had become a net importer 

of agricultural products, with the net imports of agricultural products equaling the crop production in 

terms of N content (650 Gg N y-1) [16]. This demonstrates a heavy dependence on external markets 

to fulfill the national demand for fertilizers [17]. To address this reliance and reduce the increasing 

trend of imports, it is essential to identify accumulation points within the N flows and explore options 

for recovering N based compounds. By recovering N from alternative sources such as wastewater, 

manure, or food waste, Spain can not only contribute to the circular economy approach on a national 

level but also reduce external dependency and mitigate the impact of price fluctuations. Additionally, 

this approach can facilitate N recovery from urban, industrial, and agricultural cycles. Various studies 

have employed element flow analysis (EFA) to track nutrient flows and manage nutrients at a regional 

scale [18–21]. Recently, researchers have evaluated nutrient management along the supply chain and 

introduced a novel method called nutrient footprint, as highlighted by Gronman et al. [22–25]. However, 

it is worth noting that there is a limited number of studies specifically focused on N, which are listed in 

Table 1, indicating the need for further research in this area. 

Table 1 Summary of the most relevant N Flow Analysis published in the last two decades 

Element Year Area Approach Ref. 

N 1998 Huizhou (China) Urban [26] 

N 2000-2016 Beijing (China) Urban [27] 
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N 2002 Illinois (USA) Agricultural [28] 

N 2004-2014 France Agricultural [29] 

N 2015 Scania (Sweden) Regional [30] 

N 2010 Maeklong river (Thailand) Regional [31] 

N 2011 Bangkok (Thailand) Urban [32] 

N 2014 Thailand Agricultural [33] 

N, P 2004-2007 Finland National [34] 

N, P 2009 Flanders region (Belgium) Reginal [35] 

N, P 2014 St. Eustatius (NL) Agricultural and urban [36] 

P 2012 Spain National [37]  

N,P,K,Mg 2021 Okanagan (Canada) Regional [38] 

N,P 2022 Sweden National [39] 

N 2021 China Agricultural [40] 

N 2020 Xiamen (China) Coastal City [41] 

N 2021 Shanghai (China) Food system [42] 

N 2001 Catalonia (Spain) Regional [43] 

N 2005 Catalonia (Spain) Regional [44] 

 

The utilization of element flow analysis and the introduction of innovative methodologies like the 

nutrient footprint further enhance our understanding of nutrient flows and enable effective 

management strategies at a regional scale. However, it is important to recognize the limited number 
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of studies specifically focused on N, underscoring the need for additional research in this area. Further 

investigations into N mapping and recovery will provide valuable insights and support evidence-based 

decision-making to optimize nutrient management practices in Spain. 

By mapping N flows, embracing nutrient recovery from various sources, and leveraging WWTPs as 

nutrient hotspots, Spain can take significant strides towards sustainable agriculture, reduce reliance 

on external markets, and ensure long-term food security while protecting the environment. The 

following section will review in deeper detail the relevance on nutrient recovery on WWTPs. 
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 Nutrient Recovery in WWTP 

United nations projections estimate that the world’s population will reach 8.6 billion in 2030 and 9.8 

billion in 2050 [45]. Population and consumption add a huge pressure on food industry to increase its 

production. To meet this additional demand requires an increase of the intensive agricultural practices, 

leading to a high land, water, energy, and fertilizers use [46]. Then, a demand growth on plant nutrients 

is expected. Non-renewable mineral fertilizers, made up of N, P, K and Mg, are the basis of current 

agricultural system. From an agronomic point of view, crops take up to the 31-49% of the N and 35% 

of the phosphorus (P) supplied. N is an essential nutrient for all living forms, additionally, it is a key 

component for fertilizer production, and indeed, it is critical to agriculture uses. A dramatic increase in 

the production of artificial N fertilizers over the last 50 years lead to an increasing nutrient pollution of 

water and air [47] . Fertilizer production currently account for about 2-3% of the total global energy 

consumption being N based-fertilizers responsible for the majority of this consumption [48]. 

Regarding the wastewater sector, it has been considered a human health concern and environmental 

hazard for a long time. The actual technologies for wastewater treatment were established in the early 

20th century, based on engineering traditions [49]. These technologies were designed to clean the 

water by removing the organic pollutants and the nutrients, N and phosphorous, but only to meet 

discharge requirements according to the WW (wastewater) Directive (91/271/EEC) hence the WWTPs 

(wastewater treatment plants) cannot be considered sustainable.  

In recent years there has been a change in mentality in the vision of wastewater treatment plants, 

which evolves from an end-of-pipe solution to a promising source to recover nutrients for fertilizer 

purposes. Furthermore, the increasing market value of nutrients due to P scarcity and environmental 

impact of the production N-based fertilizers [50], are acting as key drivers for resource recovery from 

WWTP.  

Nowadays, resource recovery from waste streams deals with United Nations Sustainable 

Development Goals 6 and 11 [51]. It is a major goal of interest due to the alarming increase in 

worldwide pollution levels and raw materials depletion mainly caused by the overuse of fossil fuels 

and natural resources; hence, current trends are searching for new an alternative source to obtain 

nutrients: N and P. Although the rationale and necessity to perceive wastewater as a resource has 

been emphasized, most water management utilities (WMUs) in Europe still focus on wastewater 
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collection and treatment rather than resource recovery. Despite frequent scientific output over a long 

period on technological solutions to establish a more circular economy-based water sector, the 

implementation of full-scale resource recovery technologies in the wastewater sector is still very 

limited [52]. The most common way to recover N and P is thorough anaerobic digestion where the 

final dried sludge has organic matter, N and P but also heavy metals and pathogens such as viruses 

and bacteria [53]. The huge amount of sludge generated requires enough greenfield to be applied 

while causing no harm to the soil that’s why not all the sludge can be used in agriculture which create 

an inefficient value chain for the nutrients. In Europe, 61% of the sludge goes directly into agriculture, 

7.5% goes to landfill, 19.4% goes to incineration and 11.7% is disposed in other way [54].  

Since the direct use of sludge is inefficient, A promising way to mitigate the challenges associated to 

the sustainability of the resource is to produce high-quality Bio-fertilizers by recovering P and N in 

form of struvite and ammonium salts. Furthermore, latest shift in legal framework coming in forth in 

2022 allows P to be recovered from sludge as struvite (phosphate salts). The fertilizer thus obtained 

can be sold across borders within the EU Single Market. 

In terms of application of the struvite as a fertilizer, several studies on struvite agronomic efficiency 

have been focused on its potential as slow-release fertilizer applied to the soil [55]. Nevertheless, the 

use of struvite in fertigation as a raw material (liquid fertilizer) for nutrient solution (NS) manufacture 

has not been studied so far. Hertzberger, et al. [56], developed a review and meta-analysis of the 

agricultural potential of struvite as a P fertilizer were all the studies tested the struvite as slow-release 

fertilizer. 

These issues have led to a research activity in order to find new technological solutions, focusing on 

recovery rather than removing nutrients that allow WWTPs to transform from resource consumers to 

energy recovery facilities and nutrient producers [57]. 

In conclusion, the projected increase in the world's population, coupled with rising consumption 

patterns, places tremendous pressure on the food industry to enhance production. To meet this 

growing demand, intensive agricultural practices relying on land, water, energy, and fertilizers have 

become prevalent. As a result, there is an expected surge in the demand for plant nutrients, 

particularly N and P. In this sense, embracing the recovery of nutrients from wastewater not only 

addresses sustainability challenges but also promotes resource efficiency, circularity, and the 
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transition towards a more sustainable and resilient agricultural system. Future advancements in 

technology, policy support, and cross-sector collaborations will be crucial in unlocking the full potential 

of nutrient recovery from wastewater and achieving sustainable resource management in the face of 

increasing global demands. For this reason, the next section reviews different nutrient recovery 

technologies focusing on their TRL (Technology Readiness Level) and the different subproducts that 

can be produced. 

 Nutrient recovery technologies 

As it has been previously commented, WWTPs have long been seen as a health and environmental 

concern. Traditional wastewater treatment technologies, established in the early 20th century, were 

designed to remove organic matter and nutrients like N and P, but are not considered sustainable [57]. 

For example, regarding N, the main technologies implemented worldwide are biological removal in 

main line, and in few cases annamox in the sidestream. Both technologies focus on removing N rather 

than recovering. From the potential recovery in terms of quantity, the major part of the N can be found 

diluted (around 50 mg N/L without N removal) in the main stream (water line), around 70 -85%. 

Although it can be recovered there (technically feasible) it is not economic viable due the high flows 

at low concentrations. This way is economically more feasible to recover N from streams with lower 

flow and higher concentrations (i.e., side streams; from 600 -1300 mg N-NH4/L), which more precisely 

in WWTPs are the anaerobic digestion centrates.  

Research activity in recent years has focused on developing technologies able of recovering nutrients 

from wastewater and valorizing them [58]. These technologies focused on the recovery at the WWTP 

sidestream, however, some of them could also be applied to other nutrient-rich streams. (i.e., 

leachates 0.9 -2.6 gN/L [59] or manure (6 -30 kg N /ton) [60]) 

In general, sidestream (digestate) processing starts with a mechanical separation into a liquid fraction 

and solid fraction aiming a dewatering [61]. The solid fraction is rich in recalcitrant organic matter, Ca 

(calcium), Mg, and often P, but offers limited possibilities to recover nutrients, since they are largely 

organically bound. Soluble N, P, K, organics and mineral salts are present in the liquid fraction. The 

potential to recover soluble nutrients from the liquid fraction by using extraction techniques is high 

[62].  
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The technologies to recover nutrients from WWTPs are summarized in Table 2. Technologies reported 

in the literature for nutrient recovery from the liquid fraction and currently commercially available or 

under development are: (1) chemical crystallization [3,63,64], (2) gas stripping and absorption [65–67], 

(3) acidic air scrubbing [66,68], (4) membrane separation [69–71], (5) ammonia sorption [72–74], and 

(6) biomass production and harvest [75,76]. [77,78] 

Table 2 Main features of the nutrient recovery technologies. 

Technology 
Main 

nutrient 

Nutrient recovery 

(%) 

Other 

nutrients 
Product TRL 

Crystallization P 80-90 N,K, Ca, Mg Struvite  9 

Stripping and 

absorption 
N 80-90 - 

Amonium 

sulphate 
9 

Membrane 

separation 
N 80-85 P 

Ammonium salts 

(N,P,S) 
7 

Biomass production  N &P  80-98 - 
Slow-release 

fertilizer 
7 

 

As it can be seen in table 2, the technologies reviewed are able of achieving high nutrient recovery 

from reject water. However only a few have reach full scale applications (TRL=9) [77] .  

Ammonia stripping and struvite precipitation are the technologies more developed at full scale 

allowing an average removal and recovery yield of 80–90 % for N and P, respectively [78]. Due to their 

high degree of development, costs for ammonia stripping and struvite precipitation are relatively low, 

ranging from 2 to 7 € per kg of nutrient recovered [79]. However, other technologies are rapidly 

developing and spreading. Pressure-driven membrane technologies (ultrafiltration and reverse 

osmosis) are emerging as important processes for nutrient recovery, although not selective. N and P 

removal efficiencies for these technologies are around 75–95 % and 85–99 %, respectively [80,81]. 

The main drawback of membrane processes is represented by the membrane fouling, which prevents 
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their large diffusion at full scales because of operation challenges. Moreover, the operational cost of 

this process is higher compared to other available technologies, ranging from 4 to 12 € per m3 of 

digestate [82]. Full-scale applications for membrane technologies are available, but still limited, while 

several studies at laboratory and pilot scale are currently under development [82,83]. Membrane 

contactors are receiving attention for the possibility to strip ammonia directly in the membrane with 

high ammonia recovery (over the 95 %). But this technology is currently at the development stage, 

low TRL, in the EU with several studies at laboratory and pilot scale [84] or even at full scale [85]. 

Although examples of the application of this technology can be found at full scale, only few works are 

reported in the scientific literature on nutrients recovery from digestate through membranes 

technologies. F. Rizzioli et al [77], reported the distribution of the main applications and relative studies 

on the valorization of digestate by membrane processes in the EU (Figure 1). The color indicates the 

TRL of the process: Red, Green and Gray stay for high (8–9), medium (5–7) and low (<4) TRL, 

respectively. 

 

Figure 1 F. Rizzioli et al (2023) examples and TRL of membrane technologies identified in Europe 

The environmental factor is equally significant in the development of new technologies, alongside 

considerations of technical and economic viability. Life Cycle Assessment (LCA) is a comprehensive 

method to evaluate the potential environmental impacts associated with a product during its entire life 

cycle. LCA allows assessing the environmental sustainability of wastewater-based resource recovery 

alternatives and can be combined with other context-specific assessment techniques, such as life 
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cycle costing and risk assessments [86]. This methodology is based on the standardized norm ISO 

14040 and 14044 [87,88] and allows evaluating different impact categories, such as global warming 

potential (GWP), eutrophication, acidification, ozone layer depletion or human toxicity, among others. 

LCA can be an important screening tool to understand how nutrients recovery implementation can 

improve the environmental performance when compared with conventional technologies routes for 

inorganic fertilizers’ production. 

Some studies have conducted LCAs to evaluate the environmental impacts of recovering nutrients in 

a WWTP. Amann et al. [89] assessed the environmental impacts of 18 technologies to recover P from 

different WWTP streams (i.e., liquid streams, sewage sludge and sewage sludge ash) and producing 

different P-recovered products (i.e., CaP, Struvite, P-rich slag, Phosphoric acid)[89]. Guida et al. [90]  

conducted an LCA to find the optimum environmental scenarios for ammonium recovery using ion 

exchange zeolites. Sena et al. [91] evaluated how the implementation of a full-scale struvite 

crystallizer impacted the overall environmental performance of a WWTP. However, the use of LCA 

together with other decision-making tools, such as techno-economic assessment (TEA), has been 

rarely reported in the literature to evaluate nutrient recovery in WWTPs. 

In addition, TEA is a methodology based on the calculation of the capital costs, operating costs and 

revenues associated with a product, technology or process, which allows determining the most 

important factors influencing its economic feasibility. TEA can be a useful method to understand how 

the application of novel technologies aimed at recovering valuable resources can influence the 

economic balance of future WWTPs. Although TEA and LCA are different context-specific assessment 

techniques, combining them represents a reliable decision-making tool to evaluate different 

alternatives for nutrient recovery. 

Finally, when it comes to the evaluation of these alternatives, it is important to develop a full 

assessment based on techno economic and environmental aspects. Considering the environmental 

factors alongside technical and economic aspects is crucial in the development of wastewater-based 

resource recovery technologies. LCA provides a comprehensive methodology for assessing the 

environmental sustainability of these alternatives throughout their entire life cycle. It serves as a 

valuable screening tool to identify opportunities for improving environmental performance alongside 

with a TEA to evaluate the techno economic feasibility. 
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2 Chapter 2: Objectives and methodology 

 General objective and thesis scope 

The general objective of this PhD thesis is to evaluate and compare from a technical and economic 

point of view a nutrient recovery treatment train based on ion exchange and liquid-liquid membrane 

contactors applied to municipal wastewater stream to produce cost-effective fertilizers. 

There are several specific objectives (SO) to accomplish to achieve the general objective.  

SO1 - Critical revision of the state-of-the-art technologies for nutrient recovery technologies in urban 

wastewater treatment. 

SO2 – Assess the mass flows of N in the Spanish country to identify potential spots for recovery and 

how to improve circularity of nutrients. 

SO3 - Experimental evaluation of an innovative system prototype (pilot-scale) integrating Ion 

exchange and liquid-liquid membrane contactors; and techno-economic comparison with a full-scale 

conventional treatment scheme configuration (CAS). 

SO4 - Operation of the treatment train and achieve recovery rates up to 42% of P (>50% as struvite) 

up to 11% N from wastewater influent. 

SO5 – Achieve 80% reduction of CO2 eq emissions associated to energy consumption in conventional 

N-fertilizers production by partial substitution with recovered fertilizers. 

SO6 – Use LCA and LCC tools to assess the whole value chain, from the nutrient recovery till its 

valorization in field. 

 PhD thesis organization 

In this PhD thesis, novel techniques involving Ion Exchange with zeolites (IX) and Liquid-Liquid 

Membrane Contactors (LLMC) have been used for the effective utilization of N in fertilization 

applications. The initial phase of the thesis aimed to comprehensively analyze the N flows within 

Spanish territory, with a particular emphasis on identifying the main N flows and their potential for 

40



recovery (Publication 1, chapter3). Based on the findings of the initial publication, it is evident that 

WWTPs play a crucial role as significant hubs for nutrient recovery. Subsequently, the focus of the 

thesis shifted towards studying alternatives to recover and valorize nutrients from WWTPs and its 

valorization as fertilizers by taking into account the whole value chain. (Publication 2, chapter4), which 

is predominantly discharged into water bodies as NH4
+ and released into the atmosphere as N2(g), 

along with a minor fraction as NOx(g), consequently impacting the environment. In this specific section, 

the thesis concentrated on a hybrid system that combines zeolites stage and a LLMC for efficient 

recovery of NH3 from treated urban wastewater. Prior to LLMC, ion exchange with zeolites was chosen 

as an advanced pre-treatment and concentration step. The system was tested using the effluent from 

Vilanova I la Geltrú (VNG) WWTP (mainstream, with 50 mg N-NH4/L) and anaerobic digestion 

concentrates (sidestream, ranging from 600-800 mg N-NH4/L) from Murcia ESTE WWTP. Natural 

zeolite, primarily clinoptilolite, exhibited remarkable effectiveness in desorbing retained ammonium by 

utilizing a 2% NaOH solution within a closed-loop configuration. This process resulted in an ammonia-

rich brine, enabling the recovery of over 95% NH3 using polypropylene LLMC. A demonstration plant 

with a capacity of 1 m3/h effectively processed both urban wastewaters, which were previously treated 

via ultrafiltration to eliminate over 90% of suspended solids and 60-65% of COD. The 2% NaOH 

regeneration brines (with concentrations ranging from 2.4-5.6 g N-NH4/L) were treated in a closed-

loop LLMC pilot system, resulting in the production of 10-15% N streams suitable for utilization as 

liquid fertilizers. The final section of the thesis (Publication 3, chapter 5) encompassed conducting a 

comprehensive LCA and TEA of the proposed treatment train. The nutrient recovery scheme was 

implemented within the sludge line of the WWTP and involved struvite crystallization for P recovery 

and an ion-exchange process combined with a gas-permeable membrane contactor for N recovery. 

Subsequently, the recovered fertilizers were utilized in agriculture, and their performance was 

compared to that of a commercial fertilizer solution. 

 Methodology 

2.3.1 Nitrogen Flow Analysis in Spain 

EFA is a widely employed methodology for assessing resource flows, including energy, water, and 

minerals, at various geographical scales, spanning from global to local. 

In this Thesis, the Nitrogen Flow Analysis (NFA) was specifically developed for the Spanish territory, 

41



which comprises 16 autonomous communities. It should be noted that the NFA excludes three other 

communities, namely the Balearic and Canary Islands, as well as the cities of Ceuta and Melilla 

located on the African continent. The analysis focuses on quantifying the flows of N in various forms 

and divides the NFA into several subsystems. The agricultural and food production systems receive 

primary attention since the consumption of N in the form of fertilizers accounts for 43% of the total N 

imported within the national boundaries. Additionally, the analysis takes into account other industrial 

uses of N, such as its presence in fertilizers and chemicals. Flows related to the recovery of N from 

wastewaters and the application of urban and farming bio-solids to agriculture are also considered in 

the analysis. 

The time period chosen for the analysis is the year 2016, as it represents the most recent year for 

which accurate information regarding the majority of flows is available. During this year, detailed data 

on N flows and their various forms were gathered and used as the basis for the analysis. 

The model utilized in the NFA was developed using Stan 2.6, a software developed by the Technische 

Universität Wien. Stan allows for the creation of graphical models with predefined components, 

including processes, flows, system boundaries, and text fields. It also provides the necessary tools for 

conducting EFA, such as mathematical-statistical techniques like data reconciliation and error 

propagation. By leveraging these capabilities, the NFA model ensures a robust and rigorous analysis 

of the N flows within the Spanish territory, enabling a comprehensive understanding of the N dynamics 

and its implications for resource management and environmental sustainability. 

The final system (Figure 2) comprises 29 flows and 7 subsystems, five of which have stocks. 

Regarding subsystems, the following were considered for calculations: agriculture, air, households, 

industry, transport, waste management and water bodies. The subsystems with stocks, that is, internal 

accumulation of N, are agriculture, air, industry, waste management and water bodies.  
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Figure 2 N flows in Spain (2016) 

2.3.2 Research platform for nutrients recovery provided by the LIFE ENRICH project 

The overall objective of LIFE ENRICH project (LIFE Programme) [46] was to implement the circular 

economy concept through the demonstration of the whole value chain for nutrient recovery in urban 

wastewater treatment plants and its further valorization as fertilizing products.  

The project aimed to redesign the conventional nutrient value chain, where the N fertilizers are 

produced via Habber Bosch process, which is energy intensive and P fertilizers are produced from 

Phosphatic rock, which is a non-renewable source and the EU has declared as critical raw material 
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[92]. One of the innovative aspects of the project is the integration of different technologies for N and 

P recovery in a single site.  

The N recovery treatment train was based on ion exchange with zeolites as a concentration step 

previous to a liquid-liquid membrane contactor which allows to produce ammonium salts from 

anaerobic digestion reject water. The P recovery was based on an elutriation to up concentrate the 

phosphates previous to the anaerobic digestion to be later recovered as struvite in a crystallization 

unit.  

Murcia Este WWTP (Murcia, Spain) was the experimental site selected to demonstrate this integrated 

N&P recovery process (Figure 3). First, a large-scale elutriation process was implemented in order to 

extract and concentrate phosphates before they enter anaerobic digestion. P recovery was tested at 

pilot scale producing struvite.  N recovery was assessed in centrates stream at pilot scale producing 

ammonium nitrate.  

 

Figure 3 Murcia Este WWTP process configuration 

 

2.3.3 Nutrient recovery in WWTP process streams 
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The experimental phase comprised two stages: an initial laboratory-scale step to optimize ion 

exchange, followed by a pilot-scale implementation of the complete treatment train. 

For the lab-scale experiments, wastewater samples were obtained from the effluent of the VNG-

WWTP, specifically collected from the secondary clarifier. In contrast, the sidestream utilized for the 

pilot-scale experiments was collected from the Murcia ESTE WWTP. Prior to experimentation, the 

sidestream was thoroughly characterized in terms of pH, conductivity, total suspended solids (TSS), 

and dissolved ions. 

Natural clinoptilolite zeolites, sourced from ZEOCEM (www.zeocem.com), were employed in the with 

two different granulometries (from 0.5-1.0 mm to 1.0-2.5 mm). Before commencing the experiments, 

the zeolites were activated with NaOH 1M.  

2.3.3.1 Experimental evaluation of zeolites on ammonium recovery at Lab-scale  

The lab-scale experimental setup consisted of two fixed-bed columns, each with dimensions of 18.7 

cm in height and 22.6 mm in internal diameter. The columns were then filled with 67 grams of zeolite. 

These trials focused on the optimization of operating flows and the regenerating solution with 

mainstream from VNG effluent (50 mg/L N-NH4). 

Table 3 provides a summary of the experimental conditions used along the operation of the 

experimental campaign. 

Table 3 Sorption – desorption flows used along the experimental campaign 

Experiment Sorption flow 

(BV/h) 

Regeneration flow 

(BV/h) 

4-2 4.1 ± 0.3 2.0 ± 0.2 

4-0.8 3.9 ± 0.1 0.8 ± 0.1 

10-5 10.1 ± 0.1 5.1 ± 0.3 

10-2 9.9 ± 0.1 ± 0.2 

 

After that, to investigate the regeneration process, 11 different regenerant solutions were tested. The 

regenerant solutions consisted of various concentrations of NaOH (0.05, 0.1, and 0.5 mol/L), NaCl (1, 

5, 10, and 20 g/L), or a combination of both substances (0.01 mol NaOH/L and 1 g NaCl/L; 0.01 mol 
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NaOH/L and 20 g NaCl/L; 0.1 mol NaOH/L and 1 g NaCl/L; 0.1 mol NaOH/L and 20 g NaCl/L).  

2.3.3.2 Experimental evaluation of zeolites on ammonium recovery at pilot -scale 

Based on the results obtained at the lab scale, a pilot plant with a nominal capacity of 1 m3/h was 

designed, constructed, and installed at the VNG WWTP. The pilot plant operated for one year at VNG 

WWTP and was subsequently relocated to the Murcia ESTE WWTP, where it operated for another 

year. The feed water for the pilot plant consisted of VNG WWTP effluent as the mainstream water 

source and Murcia Este Centrates as the sidestream water source 

The zeolite pilot plant operated continuously for an entire year, testing different streams. The objective 

was to assess the performance of zeolites in ammonium recovery from both mainstream and 

sidestream processes of WWTPs. The comparison was based on the adsorption efficiency and 

capacity of the zeolites under different operating conditions. 

A total of four adsorption experiments were conducted for the mainstream process, along with Table 

4 provides the details of the experimental design for the zeolites. 

Table 4 Zeolites experimental design 

 Mainstream Sidestream  

Adsorption - desorption cycles 4 4 

Granulometry (mm) 1.0-2.5 0.5-1.0 

Adsorption flow (L/h) 400 400 

Regeneration flow (L/h) 700 700 

Regenerant concentration 
(NaOH) (M) 

0.5 0.2 

 

2.3.3.3 Experimental evaluation of LLMCs on ammonium recovery at pilot -scale 

The ammonia recovery system utilizing a LLMC operates in a closed-loop configuration and it is feed 

with the N rich solution generated in the zeolites regeneration. HNO3 (0.4 M) was employed as the 

acid in the stripping solution to produce a N fertilizer, which is a single-nutrient fertilizer. To maintain 

the desired pH value and optimize mass transfer, a control loop was implemented, wherein HNO3 

(58%) was continuously added over time. The pH set point was established at 3.4. Drying was 

performed after each experiment at 40ºC for approximately 8 hours with a flow rate of 34 m³/h.  
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All the experiments were conducted using the regenerant solution from zeolites treating sidestream, 

resulting in a regenerant stream with a N-NH4 concentration of 4-5 g/L. However, the initial regenerant 

stream had a lower N-NH4 concentration of 1.3 g/L due to storage at pH 12 for an extended period, 

resulting in ammonia gas losses. 

A summary of the experiments conducted with the LLMCs is presented in Table 5. 

Table 5 LLMCs experimental design 

 Experiment 

 1 2 3-9 

N-NH4 feed concentration (g N-NH4/L) 1.3 4-5 4-5 

Feed pH 12 12 12 

Acid HNO3 HNO3 HNO3 

Feed flow (L/h) 500 500 500 

Acid flow (L/h) 500 500 500 

Acid side initial volume (L) 10 10 10 

Feed side initial volume (L) 1000 1000 1000 

Sampling points 

Along the 

whole 

experiment 

Along the 

whole 

experiment 

Initial-final 
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2.3.4 Environmental assessment 

LCA methodology was performed according to UNE-EN ISO 14040 and 14044 (ISO, 2006a, 2006b) 

and was applied to evaluate the potential environmental impacts of recovering ammonium nitrate and 

struvite for subsequent application as fertilizers using innovative nutrient recovery technologies.  

Two scenarios were evaluated in the LCA: (i) the Baseline Scenario, which consists in the application 

of a commercial solution of conventional fertilizers, and (ii) Scenario 1, which consists in the 

implementation of the LIFE ENRICH configuration aimed at recovering N and P fertilizers. 

The fertilizers used in both scenarios were considered to cover the same fertilized area. For this 

reason, water supply, crop wastes and energy consumption for crop field application have not been 

included within the boundaries of the present study since they are expected to be similar for both 

scenarios.  

As a novelty, the present work compared the whole value chain of recovering nutrients from 

wastewater for crop field application (Scenario 1) with a business-as-usual option for crop field 

application (Baseline Scenario). For this reason, the selected functional unit was the area of soil 

fertilized (1 m2 of fertilized soil). 

The life cycle inventory (LCI) input and output data of the nutrient recovery scenario was obtained 

from the mass and energy balances from Murcia ESTE WWTP after nutrient recovery implementation. 

The background inventory data for the chemicals and energy were obtained from Ecoinvent v3.6 

database. 
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3 Chapter 3: Nitrogen Flow Analysis in Spain: perspectives to 

increase sustainability 

 Introduction 

The human population has been growing continuously from the industrial revolution to the present 

time (e.g., an annual growth rate of 1.05%)[1]. Therefore, to meet the growing demand, many 

agricultural procedures have drastically changed in the past century [2]. In addition, the global trend 

of concentrating populations in dense urban nodes and the accumulation of livestock in nodes of 

intensive integration has led to a large flow of nitrogen-containing compounds from anthropogenic 

activities wasted in the environment in the form of gases, aqueous dissolved species and solid forms 

[3]. This acceleration of the nitrogen cycle is not only unsustainable at the level of environmental 

resources but is also very harmful to both natural ecosystems and humans [4]. Harmful effects of 

excess nitrogen (N) in the environment, i.e., atmosphere, water and soil, are biodiversity reduction, 

ecosystem degradation, climate change, photochemical smog and groundwater and drinking water 

pollution, which have been critically reviewed [5].  

Before the 20th century, the N cycle regulated itself along with the operation and functioning of natural 

ecosystems by biological N fixation (BNF), lightning N fixation (LNF), N deposition and denitrification 

[6]. Since the development of the Haber-Bosch nitrogen fixation (HBNF) process, a considerable 

amount of reactive nitrogen (Nr), grouping all N species other than N2, has been incorporated into 

terrestrial ecosystems (raising its value14 times from 1890 to 2010) to ensure global food security and 

meet the food demands of approximately 48% of the world’s population [7]. Thus, N cycles in terrestrial 

and marine ecosystems have been greatly altered [6]. In addition, inefficient use of fertilizers causes 

significant loss of nutrients [8]. Around 80% of N and 25–75% of P are lost to the environment through 

run-off, leaching and off-gas emissions, causing environmental impacts such as eutrophication and 

global warming and leaving insufficient nutrients in the soil for crops [8], [9]. 

In contrast to other essential nutrients such as phosphorous (P), N is abundant in the atmosphere in 

the form of gas (N2(g)). The problem lies in the fact that the conversion of inert N gas (N2(g)) to its 

reactive forms is extremely energy-intensive and fossil-fuel-dependent [10]. Some studies point out 

that the Haber-Bosch process used for the production of synthetic N fertilizer entails 2.5% of the global 
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fossil energy usage and implies the production of 4–8 tons of CO2 eq. per ton of synthesized N fertilizer 

[11], [12]. 

The impacts of Nr on natural ecosystems, (e.g., atmosphere, water bodies and soils) human health 

ecosystems and the correlation between Nr and climate change have been critically reviewed [13]. 

The study concluded that although there is strong evidence for the cascade of Nr effects, better data 

are needed to quantify the components of the cascade to best support policy options. When talking 

about alterations in the natural N cycle due to anthropogenic activities, scientific research points to 

the popularization of the application of inorganic fertilizers to agricultural soil as the main driver [14].  

According to the FAOSTAT database on N fertilizers, in 2016, China was leading the market, 

especially in the production sector [15]. This indicator agrees with the fact that Asia comprises a full 

30% of the world's land area with 60% of the world's current population. Other regions such as America and 

Oceania are more reliant on external sources to meet the internal demand. Africa is an exceptional 

case. Due to historical, climate and economic reasons, some regions of the continent face scarcity of 

food and water, which has led to distinct challenges in the agricultural production field [16]. Europe 

shows particularly high rates of import and export of N fertilizers, although domestic production is 

sufficient for the agricultural needs of the region [17]. The estimated consumption of mineral N 

fertilizers in the EU-27 has remained around 10 million tons in the last ten years with fluctuations and 

a slight upward trend [18]. On the other hand, there is a decreasing trend with a period of stabilisation 

for the gross N balance in agricultural land in EU-28 since 2004 [19]. The countries with the highest N 

fertilizer consumption are, in order, France and Germany. Following on the list, with similar amounts 

around 1 million tons in 2017, stand Poland, the UK, Turkey and Spain [18]. 

 Literature review 

Spain is an important exporter of agricultural products worldwide, but above all in the European market 

[20]. In the early 1960s, Spain was almost self-sufficient in terms of food and feed supply. In the first 

stage of the 21st century, net imports of agricultural products equaled crop production expressed in 

terms of nitrogen content (650 Gg N y-1) [21]. 

This demonstrates a great dependence on external markets to satisfy the national demand for 

fertilizers [22] with accumulation points along the N flows, these N-based compounds could be 
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recovered, thus reducing the rapidly increasing import trend. Recovery of N from alternative sources 

(i.e., wastewater, manure or food waste) could serve not only as a national approximation to the 

circular economy approach but also as a way to reduce external dependency in case of price 

fluctuation and promote Nr recovery options from urban, industrial and agricultural cycles. Element 

flow analysis (EFA) has been applied to track nutrient flows and manage nutrients in several 

applications at a regional scale ([23]–[26]). In addition, the management of nutrients along the supply 

chain has been evaluated and a new method of nutrient footprint has been introduced by Gronman et 

al. (2016) and (van der Wiel et al., 2020; Xu et al., 2020; Zhang et al., 2021). The review of the state 

of the art identified a limited number of studies specifically focused on nitrogen, which are listed in 

Table 6.  

Table 6 Summary of the most relevant Nitrogen Flow Analysis published in the last two decades 

Element Year Area Approach Ref. 

N 1998 Huizhou (China) Urban [31] 

N 2000-2016 Beijing (China) Urban [32] 

N 2002 Illinois (USA) Agricultural [33] 

N 2004-2014 France Agricultural [34] 

N 2015 Scania (Sweden) Regional [35] 

N 2010 Maeklong river 

(Thailand) 

Regional [36] 

N 2011 Bangkok (Thailand) Urban [37] 

N 2014 Thailand Agricultural [38] 

N, P 2004-2007 Finland National [39] 

N, P 2009 Flanders region (Belgium) Reginal [40] 

N, P 2014 St. Eustatius (NL) Agricultural and 

urban 

[41] 

P 2012 Spain National [42]  

N,P,K,Mg 2021 Okanagan (Canada) Regional [43] 

N,P 2022 Sweden National [44] 

N 2021 China Agricultural [45] 

N 2020 Xiamen (China) Coastal City [46] 

N 2021 Shanghai (China) Food system [47] 

N 2001 Catalonia (Spain) Regional [48] 

N 2005 Catalonia (Spain) Regional [49] 

N 2012 Ebro River Basin (Spain) Regional [50] 

N 2013 Spain  National [21] 

 

This research aims to perform a Nitrogen Flow Analysis (NFA) to determine the feasibility of i) 

recovering this element from the several accumulation points within its material flow cycle, or ii) 

defining actions to promote the reduction of its consumption. The geographic framework is the 
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Spanish territory contained in the Iberian Peninsula excluding the Balearic and Canary Islands, as 

well as the Spanish cities in the African continent, Ceuta and Melilla. The year 2016 was selected as 

the reference year due to it being the latest date on which some of the official sources provided 

information. Nitrogen input and output data were gathered from public databases. Stan software was 

used as a tool to develop the NFA and, an uncertainty analysis was also included. N recovery 

pathways were further discussed as a way to promote the transition to the circular economy approach. 

The results were compared with the few examples published for cities and regions, including the only 

two specific regional cases in Catalonia (NE Spain) [48], [49]. 

 Methodology 

Elemental flow analysis (EFA) has been widely used to assess resource flows such as energy, water 

or minerals at any geographical scale (from global to local) [51] which is useful for providing relevant 

information to develop regional management strategies [52]. The methodology was established to 

develop environmental management tools by assessing the technical (Technosphere) and human 

(anthroposphere) metabolisms. It is based on a) mass balance, which enables a systematic 

assessment and tracking of flow materials (e.g., N) considering the inputs, transformations and the 

outputs within the system [53] and b) system analysis, consisting of a three-step procedure:(i) 

definition of the system, (ii) quantification of the overview of stocks and flows and (iii) interpretation of 

the results [54]. To determine the unknown data, the algorithm follows a sequence of equations (Eq.1 

to Eq.4) [55]:  

Balance equation: ∑ 𝑖𝑛𝑝𝑢𝑡𝑠 = ∑ 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 + 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑡𝑜𝑐𝑘   Eq. (1) 

Transfer coefficient equation: 𝑜𝑢𝑡𝑝𝑢𝑡𝑥 = 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑡𝑜 𝑜𝑢𝑡𝑝𝑢𝑡 𝑥 · ∑ 𝑖𝑛𝑝𝑢𝑡𝑠    Eq. (2) 

Stock equation: 𝑠𝑡𝑜𝑐𝑘𝑃𝑒𝑟𝑖𝑜𝑑 𝑖+1 = 𝑠𝑡𝑜𝑐𝑘𝑝𝑒𝑟𝑖𝑜𝑑 𝑖 + 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑡𝑜𝑐𝑘𝑝𝑒𝑟𝑖𝑜𝑑 𝑖      Eq. (3) 

Concentration equation: 𝑚𝑎𝑠𝑠𝑁 = 𝑚𝑎𝑠𝑠𝑔𝑜𝑜𝑑 · 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛   Eq. (4) 

The entire process is summarized in the general flow chart provided by Mayor.A et al. [56]. The first 

step is to define the system and its boundaries. Then, all the flows involved need to be identified and 

quantified using the specific databases as detailed in Mayor.A et al. [56]. The data were extracted 

from different databases and classified to finally compose the list of all 29 flows characterized for 
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Spain as summarized in Mayor.A et al. [56]. This dataset is introduced in the model previously defined 

in STAN as defined by Cencic et al. [55] to obtain the results of the mass balances and according to 

the definitions of flows, stocks, process, system, etc.  

3.3.1 System description and boundaries 

The NFA was developed for the Spanish territory, which is organized into 16 autonomous communities 

and excludes 3 other communities as the Balearic and Canary Islands, as well as two cities on the 

African continent (e.g., Ceuta and Melilla). The N flows (in ktN) in different forms were targeted and 

divided the NFA into several subsystems. This was primarily in agriculture and food production 

systems since N consumption as fertilizer accounts for 43% of the total N imported into the national 

boundaries [57], but it also considered other industrial uses such as nitrogen in fertilizers and 

chemicals. The flows associated with the recovery of N from wastewaters and the application of urban 

and farming bio-solids to agriculture were also considered in the analysis. The time selected was one 

year, 2016, which was the latest year in which accurate information regarding most flows could be 

gathered. 

The model was developed using Stan 2.6, a software developed by the Technische Universität Wien 

that allows the creation of graphical models with predefined components (processes, flows, system 

boundary, text fields), as well as the development of Material Flow Analysis through mathematical-

statistical tools such as data reconciliation and error propagation [55].  

Before the development of an NFA, a good understanding of the element of interest and its behavior 

in the defined space and boundaries was required. To understand N in a Spanish context, different 

subsystems and processes were considered. As a starting point, the N cycle in a natural environment 

without human intervention was reviewed [39], [58]. It is a relevant issue to identify all these 

compounds because they constitute large flows of N on a national scale. The final resolution of the 

NFA will be based on the successful determination of these flows regardless of the weight contribution 

of N in the associated N compounds. Consequently, the main relevant processes to consider to 

estimate the N flows between systems are a) nitrogen fixation, as conversion from N2(g) in the air into 

NH3 or related nitrogenous compounds in the soil; b) ammonification, by which microorganisms in 

soils, sediments or water produce NH4
+; c) nitrification by two-step process where NH3 is first oxidized 

to NO2
- which is subsequently oxidized to NO3

-; d) denitrification, reducing NO3
- and NO2

- mainly to 
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N2O(g) and N2(g); and e) lightning, by which N is fixed from the atmosphere to the soil. 

3.3.2 Model description  

The final system comprises 29 flows and 6 subsystems, three of which have stocks. Regarding 

subsystems, the following were considered for calculations: agriculture, households, industry, 

transport, waste management and water bodies. The two most relevant stocks identified within these 

subsystems are agricultural land and water bodies.  

Agriculture is the system with the greatest theoretical relevance in the NFA and comprises crops, 

livestock, forestry and pasturelands; the most important attribute of this subsystem is that it includes 

all the soil used for the aforementioned purposes. Air is defined as the part of the troposphere placed 

just above the territory of study. It should be noted that substances of this subsystem are in constant 

movement, therefore, it is necessary to approximate the quantification of certain flows. Households 

represent the majority of end-consumers of goods and services provided by the industrial sector. 

Consequently, the industry is a general category including all processes performed before the 

consumption phase except for transport, which builds a subsystem on its own. Waste management is 

considered as an entity encompassing the largest urban waste management plants but also waste 

management within industries and agricultural waste management. Lastly, water bodies are all of 

those contained in the previously defined geographical boundaries, i.e., rivers, lakes, groundwater, 

etc.  

Flows can be divided into those entering and exiting the system and those connecting two 

subsystems. The former is considered imports/inputs or exports/outputs depending on whether they 

enter or exit the geographical space; the latter are known as inner flows.  

Imports and exports are key parts of the flow definition process. This NFA evaluates five groups of 

high N content goods: fertilizers, food, feed, fuel and non-food products. These substances are 

considered to enter or exit the established geographical boundaries.  

Non-food comprises listed chemicals in the global trade market containing significant amounts of N, 

mostly used for production purposes. Inner flows are more numerous and more difficult to classify. 

Based on their start and end points, they represent many unrelated substances that transport N. The 

most relevant inner flows in the model are the emissions to the air or water bodies in the specified 
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area.  

3.3.2.1 Auxiliary models for agriculture and waste management subsystems 

Given the complexity of the flow quantification process, two auxiliary models were developed for 

agriculture and waste management subsystems to facilitate the build-up of the general model.  

3.3.2.2 Agriculture model 

The agriculture subsystem comprises three processes: i) crops, ii) livestock and iii) pastureland. 

Fishing and forestry were not considered due to lack of relevance compared to the three 

aforementioned processes. The inner flows accounted for are manure and fodder. The former comes 

from livestock and is applied to crops and pastureland, the latter follows the same path but the other 

way around. Out of the three processes, only soil (crops and pastureland that are considered a single 

process) appears as stock due to the fixation of N in the soil. Livestock animals do not appear as stock 

because, although they retain N in their bodies while they are alive, once they are slaughtered for 

human consumption, this N is transferred to humans in the form of protein, which appears as meat 

product leaving the boundaries of the subsystem. 

3.3.2.3 Waste management model 

The waste management model comprises four end-of-life scenarios: i) WWTP, ii) landfill, iii) waste 

treatment/composting and iv) incineration. Each scenario acts almost independently of the rest and 

many external flows, e.g., food waste ends up in end-of-life routes, distributed by fractions according 

to the waste management strategy defined in Spain. The only inner flow considered in this case is 

WWTP bio-solids. It appears in WWTP and can be processed via incineration or used in cement 

industries as a substitute for coke and marginally sent for landfill, although this is banned by the EU 

regulation. The remaining flows are imports or exports from other subsystems.  

3.3.3 Data collection  

A key aspect of performing an SFA is the collection of the necessary data to quantify the flows of the 

system with a certain degree of reliability (Table 7). To fulfil this purpose, several sources of 

information were consulted (e.g., official statistical databases, published reports, surveys and 

interviews). The statistical data mainly contained the amounts of N compounds such as N-containing 
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products, chemical fertilizers being applied to the field, crop harvests, milk production, sown crop 

areas, the number of livestock and the human population. 

The availability of data for such a specific element (N) in the Spanish context is a challenge, especially 

in those systems where N concentration data are not collected or publicly accessible.  

3.3.4 Data management and uncertainty assessment  

One of the main concerns of SFA is the identification of potential errors and uncertainties. The diverse 

nature of sources and the varying quality and availability of data makes NFA results inherently 

uncertain. In this work, the results have been cross-checked by using alternative estimates, comparing 

with values reported in the literature and making estimates of N mass balance when possible [59]. In 

some cases, several estimates were made for the same point, and then these N flows were averaged.  

Confidence ranges for NFA were obtained by using the HS approach developed by Seyhan [60] and 

widely used in different EFA studies [60]–[62]. To evaluate the reliability of the results, the information 

used to quantify each flow was classified into four categories. Hedbrant and Sörme [63] developed a 

method widely used for the assessment of uncertainty in EFA models. This method involves assigning 

uncertainty levels to various data sources, such as official statistics or values from the literature and 

applying an interval to each level [62]. Results, as incorporated into the Stan program, are depicted in 

Figure 4 along with the 95% confidence limits. 

3.3.5 Assessment of N-use efficiency  

N-use efficiency (NUE) is widely used as an indicator to assess N management in agriculture (Baligar et al., 2007; 

Reich et al., 2014). NUE is the ratio of the crop N uptake to the total N fertilizer input. It is also defined as the ratio 

between the N uptake of crops and the available N in the soil, which would include the N from applied fertilizer plus the 

residual mineral N in the soil. The Spanish NUE for the reference year was calculated according to European standards 

using Eq. (5): 

  𝑁𝑈𝐸 =
𝑇𝑜𝑡𝑎𝑙 𝑝𝑙𝑎𝑛𝑡 𝑁 𝑢𝑝𝑡𝑎𝑘𝑒

𝑁 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
· 100 

Eq 5 
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 Results from the model 

3.4.1 Main N flows in Spain 

This section describes the results obtained for the NFA in Spain for the year 2016, intending to 

determine areas with an inefficient use of N, identifying the main losses and accumulations and 

estimating the dependence of Spain on imports of N-based chemicals and N-containing compounds. 

Figure 4 shows the results of the NFA using the Stan tool.  

 

Figure 4 Nitrogen Flow Analysis for Spain with 2016 as the reference year 
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In Figure 4, the boxes represent the main processes and where stocks involving N are located, while the connecting arrows 

represent the main N flows. The N flows are presented in the Sankey format, in which the width of the arrow is shown 

proportional to the size of each flow. The quantity of each N flow (expressed in kt N/y) accompanied by the uncertainty is 

included in the circle along each arrow. The NFA results point out that Spain in 2016 had a budget of 913 kt N/y (dStock) 

when only accounting for the accumulation in that year. This accumulation can be found in agriculture (132 kt N/y), water 

bodies (779 kt N/ y) and dumpsters (2 kt N/y). N accumulates in soil, forests and in groundwater and landfills. There is a 

clear need for international products with a high N content. Among imports, fertilizer was the largest flow, closely followed 

by fuels and food. Exports appear to have minimal influence on the national N budget, with the most relevant export flow 

being that of fertilizer with 284 kt N/y. From Figure4, it can be seen that the greatest interaction between subsystems involves 

industry and agriculture. Industry is the subsystem with the most linked flows; however, agriculture concentrates the largest  

flows of N, the flow of fertilizer from industry to agriculture (1191 kt N/y) being one of the most remarkable. Since the amount 

of fertilizer that the industry produces is higher than the imports, it means that the industry is converting part of the agricultural 

products into fertilizers. In 2016, 2142 kt N entered the system, while 971 kt N left the geographical boundaries. The strong 

relationship between the food industry and the anthropogenic intervention in the N cycle is clear, which indicates that 

fertilizer, food and feed account for 89 % of the annual N flows entering Spain's boundaries. When it comes to exports, the 

proportions change. The three aforementioned groups of goods represent 62 % of the exported N. The most remarkable 

distinction between exports and imports is the amount of non-food N that is traded to other countries in comparison to the 

amount acquired by Spain. This is mainly because Spain exports more than twice the amount of N it imports. When it comes 

to emissions to the atmosphere the contribution of NO2, NH3 and N2O to the different emissions to the atmosphere are 

considered. It is noteworthy that the main N emissions to the atmosphere within industry and transport processes exceed 

90 % due to NO2 emissions. These emissions come from the N content in the fossil fuels and industrial N2 fixation through 

high-temperature combustion. 

3.4.2 The NFA in the agriculture subsystem 

To have a broader understanding of the behaviour of N in the Spanish system, two auxiliary NFA 

models were developed, one of which focused on agriculture and livestock as a theoretical framework. 

The review of the state of the art indicates that agriculture could be one of the most important 

subsystems when evaluating N flows in a given region [59]. However, each territory has different 

weaknesses and strengths when it comes to nutrient management.  

A diagram with the main results of the NFA for the agriculture subsystem is shown in Figure 5. The 
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largest import of N to the system comes from fertilizer applied to agricultural soils.  

 

Figure 5 NFA for the agriculture subsystem for Spain with 2016 as the reference year 

As can be seen in Figure 5, the imports, which are formed by different types of crops and fertilizers, 

are sent to their respective processes. The fertilizers go to the agricultural soils to produce forages, 

which are later combined with the fodder produced by the industry to feed livestock. The value of 

biofixation by leguminous crops, which accounts for 10% of N imports, is noteworthy.  

Regardless, the accumulation is balanced by the fact that plant products accumulate a portion of N 

and this amount leaves the system once the crop is ready for harvest. Livestock fodder was another 

major nitrogen import for this subsystem. Livestock was not considered a stock system since once 

animals are slaughtered for meat production; the accumulated N is transferred to the consumer. A 

significant flow of N links livestock and cropland, given that manure is used as an organic fertilizer. 

Pastureland shows a higher stock, mainly attributed to the fact that the values of atmospheric 

deposition and biological fixation are similar to those assigned to cropland, but the transfer of nutrients 

from land to plant products is significantly lower when there is no agricultural activity.  
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As a final balance, in the subsystem defined as agriculture and livestock, imports and exports add up 

to 1766 ktN and 1290 ktN, respectively. Consequently, the stock of N in agricultural land amounted to 

476 ktN in 2016.  

3.4.3 The NFA for the Waste Management subsystem 

The second subsystem assessed was waste management. It consists of four main processes (end-

of-life scenarios) in Spain (Figure 6). Composting seems to be the most widespread waste treatment 

process with the highest N flows, especially due to the high proportion of food waste in Spain 

biologically treated for reuse as fertilizer. 

 

Figure 6 NFA for Waste management subsystem in Spain with 2016 as the reference year 
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The second most important process is that of WWTPs, which treat urban wastewater and, in some 

cases, such as in large metropolitan areas, mixes urban and industrial wastewater. These 

wastewaters usually have high N content, mainly due to the contribution of the human excretion of 

urea [64]. WWTPs are one of the most recurrent secondary sources identified to implement material 

recovery strategies, especially for the nutrient cycles (e.g., N and P). WWTP effluents have also shown 

great potential, which is due to the large volume of treated water that contains a relatively low 

concentration of total N of approximately 15–60 gN/m3. Consequently, efforts to reduce the concentration 

of N in waterworks that already have a tertiary treatment are nowadays a costly management option. In 

addition, the volume of bio-solids generated is less than the treated water, while the N concentration is up 

to 6–7 orders of magnitude greater than that of water, about 70–80 g N/Kg. The fact that more than 75% 

of the bio-solids are valorized in agriculture is having a great positive impact since 86 ktN are recovered 

as organic fertilizers. However, there are some doubts about the capacity of the crops to use them 

efficiently, as is the case of agricultural wastes [65] and future options are to promote the recovery of 

reactive nitrogen as NH3(l) or liquid fertilizers [66]. Finally, landfills and incineration are widely used 

waste management options in Spain, but they do not imply particularly high N flows, apart from air 

emissions derived from waste incineration, which amount to 11 ktN.  

It has been difficult to quantify the specific contribution of the agricultural sector to the N cycle, 

wastewater generated on farms, especially pigs, follows management routes where they are spread 

on agricultural soils to take benefit the C, N, P and K contents. The continued intensification of 

livestock farming systems is increasing their total environmental impact, resulting in increased 

emissions of NH3(g), greenhouse gases (GHG) and odors that derive from the housing, storage and 

application of manure and slurry in the field. In a recent study in Europe, it was estimated that animal 

manure is contributing up to 65% of total anthropogenic NH3, 40% of N2O and 10% of CH4 emissions 

[67]. Therefore, recovery of NH3 from agricultural waste will be a priority and an opportunity to reduce 

Spanish ammonia imports. While the recovery of P from waste water is mandated by regulation in 

countries such as Germany and Switzerland, regulation is expected to move forward to promote 

recovery of nitrogen in the form of any reactive type of N. Research efforts are directed at recover 

ammonium salts to be used as fertilizers and efforts are also directed to recover NH3 [66].  

 Discussion of results 

Calculation of the net anthropogenic nitrogen input (NANI) was described by Lassaletta et al. [21] for 
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the agri-food system. The authors reported that the NANI in 2009 for Spain was 1673 kt N/y. In 

addition, the study provided the evolution of this value since 1961. Thus, taking into account the growth 

rate for this period and calculating the corresponding value for 2016, which would correspond to the 

period studied in this work, a NANI of approximately 1835 kt N/y would be expected. In this study, first 

the total ‘new’ anthropogenic N input to the country, through the application of synthetic fertilizers 

(1191 kt N/y), net atmospheric inputs (245 kt N/y), BNF by crops (180 kt N/y) and net import of food 

and feed (479 kt N/y), was estimated, finally representing a NANI of 2095 kt N/y for Spain, 14 % higher 

than expected by the growth trend of the data reported by Lassaletta et al. [21]. The current results 

were compared with those reported for other reference cases in Spain. Bartrolí et al. [49] developed a 

study with the same compartments as defined in the present work, but only for Catalonia. Lassaletta 

et al. [21] evaluated the agri-food compartment but for the entire Spanish territory. Initially, the main 

N stocks were compared. Subsequently, the N loss flows (denitrification, NH3 emissions, N 

discharged to water bodies) were analyzed with respect to the total N inputs reported in these works 

for one year (426 kt N/y for Bartrolí et al. [49]; 1673 kt N/y for Lassaletta et al. [21]; and 2090 kt N/y in 

this study). Finally, other relevant flows were compared with total N inputs. All these results are 

collected in Table 7.1  

Table 7. Comparison of percentages of stock and flows with studies based on the Spanish territory 

(Bartrolí et al., [49] and Lassaletta et al., [21]) 

 This study Bartrolí et al., (2005) Lassaletta et al., (2013)1 

Overall stock 53% 63% 54% 

Stock in soils 10% 7% 5% 

Stock in water bodies 37% 23% 59% 

Denitrification 3% 7% 

19% 
NH3 emissions (soil and livestock) 18% 13% 

Water bodies 37% 23% 64% 

Food exports 15% 37% 9% 

Fertilizer imports to soil 55% 14% 53% 

Atmospheric deposition 12% 3% 1% 

Biofixation 9% 4% 15% 
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All these results indicate that overall N stocks within the country have been consistently reported to 

be around 50–60 % of total N inputs. Furthermore, Lassaletta et al. [21] reported that only 6.5 % of N 

is transported out of the country through river flows, which allows N stocks to be achieved in soils and 

water bodies of between 50 and 60 % of total N inputs. Other significant differences that can be found 

with the previous models are those related to food exports and the contribution of fertilizers. In this 

case, Bartrolí et al. [49] reported different values but this is due to the fact that their study only 

considered the autonomous community of Catalonia, which is the fourth in terms of agriculture 

production [68]. Measures must be taken not only to improve N efficiency at the national level, but 

also to meet the SDGs in accordance with the 2030 Agenda for Sustainable Development. The areas 

that can contribute to a considerable reduction of N in the atmosphere are road transport (passenger 

cars), electricity and heating production, heavy-duty vehicles and buses. Some actions that could 

reduce these contributions are i) the reduction of NOx emissions with the application of limitation 

policies aimed at the industry and transport sectors; ii) a paradigm shift in the electricity and heating 

sector; and iii) a change in the urban mobility model. In this sense, the penetration of electric vehicles 

in the market in the coming decades could make an important contribution to reduce N emissions. 

3.5.1 Linking agriculture and waste subsystems  

Analysis of the waste subsystem has shown its potential to produce fertilizers from waste products. In that case, 86 ktN of 

N is valorized as a biofertilizer from industrial and domestic waste. However, in the case of WWTP, there are no such 

synergies, although there is the same potential. This is due to several legal barriers that until now do not recognize recovered 

products like fertilizers, maintaining their status as waste.  

Nevertheless, The European Commission has adopted a delegated act to include sewage sludge among the authorized 

input materials for fertilizer sold across the EU, paving the way for further investment in phosphorus recovery from sludge. 

The measure extends the Fertilizers Regulation adopted by the Commission in June 2019, which left the issue of sludge-

based nutrients open. This was considered a temporary setback by those hoping for a breakthrough in the nutrient recovery 

market [69].  

The provision approving sludge-sourced fertilizers has been added to the regulation, which will come into force in 2022. 

According to Brussels-based water lobby group EurEau, the new text allows P to be recovered from sludge as struvite 

(phosphate salts) and from incinerated sludge ash. The fertilizer thus obtained can be sold across borders within the EU 

Single Market [70]. 
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This procedure has demonstrated the feasibility of obtaining fertilizer status for a recovered product, including struvite within 

the recovered materials that can be used in agriculture and thereby granting it the CE marking. The same procedure should 

be followed for other recovered nitrogen-based fertilizers, such as ammonium. In this sense, if struvite and ammonium salts 

are considered potential alternative sources of N, then WWTP can be considered resource recovery facilities [71]–[74].  

Figure 6 shows that each year 49 ktN are discharged into water bodies, which represents 73% of the input flow and could 

be potentially recovered. In recent years, several technologies have been developed to recover nutrients from wastewater. 

The most common is the crystallization of struvite, which allows for the recovery of both N and P or even potassium (K-

struvite) [75] Stripping and absorption are used to recover ammonia, mainly as ammonium sulphate, but they are not 

implemented in WWTP facilities due to energy requirements and combinat ions of ion exchange with membranes to obtain 

ammonium salts (nitrate, sulphate or phosphate) because of their potential use as fertilizers. However, all these technologies 

require a high concentration of nutrients to be economically recovered. In a WWTP, these concentrations can only be found 

in the anaerobic digestion centrates, which can range from 500 to 1500 mg N-NH4/L. The N present in these streams usually 

accounts for 10–20 % of the total N in the influent of the WWTP [76]. Considering N losses of 5% in the sludge, there 

remains a total of 5–10 % of the total N in the influent that could be valorized as fertilizer, which accounts for 3–7 ktN/y of 

N. Considering the flows represented in Figure 6, the amount of recoverable N from the WWTP represents from 0.2 to 0.5 

% of the total N produced as fertilizers in Spain. Although it may not seem huge in terms of global impact, it must be taken 

into account that this percentage range would allow for a fertilizer-producing company such as Fertiberia (www.fertiberia.es) 

to manage all the production and distribution of recovered products from WWTPs. In addition, several advantages 

associated with the use of recycled nutrients should be considered: i) reduction in operating costs for WWTP associated 

with less maintenance due to uncontrolled precipitation of struvite, ii) lower energy consumption in the aeration of the biologic 

reactor due to lower nitrogen load, iii) lower cost in sludge transport due to improved sludge dewaterability and iv) reduced  

carbon footprint compared of recovered fertilizers compared to conventional ones following the Haber-Bosch process [77].  

3.5.2 5.2 Assessment of NUE in Spain and actions to increase efficiency 

Data from the Agriculture NFA was used to determine the Spanish NUE value. This value considered the N uptake by the 

plant results from the sum of N in plant products and fodder (1296 ktN) and the applied N is the sum of the application of 

fertilizer, seeds and manure in crops, as well as N fixed to the soil through BNF or atmospheric deposition (1610 ktN) giving 

an NUE value of 71%. Regarding agricultural practices, the EU Nitrogen Expert Panel presented the possible objectives for 

the optimization of N management in the NUE Indicator Report (Figure 7). 
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Figure 7 Evaluation of N outputs (kgN/y.ha) as a function of N inputs (kg(ha.h) under potential target 

indicators as a function of main directions of change in the N use efficiency (Nitrogen Expert Panel, [78]) 

 

The most desirable scenario for a country is to have an NUE between 50 and 90% [79]. Lower values indicate inefficient 

use of N that can lead to externalities. On other hand, NUEs above 90% should be avoided to reduce the risk of soil mining. 

The Spanish NUE value for 2016 is within the established range; however, being closer to the upper limit indicates that the 

efficiency could be improved but taking into account the ricks of surpassing the 90% limit.  

Although much of the work must be done at the farm scale, important policies need to be implemented at the national and 

multi-national scales, e.g., facilitating technology transfer and promoting agricultural innovation [80]. Additionally, improving 

NUE should be adopted as one of the SDGs indicators used alongside crop yield and perhaps other soil health parameters 

to measure the sustainability of the agricultural sector. Countries should be encouraged to collect data on their N 

management in crop and livestock production. These data should be used to trace pathways of the three indices of 

agricultural N pollution, agricultural efficiency and food security targets (Nsur, NUE and Nyield). In the case of Spain, an Action 

Plan was presented through the Integrated National Energy and Climate Plan 2021-2030 published in January 2020 [81], 

where the Spanish government presented several measures related to N management in the country such as i) introduction 

of leguminous plants into crop rotation systems to improve N levels in the soil, its structure and fertility. Subsequent crop s 

would require less nitrogenous fertilizer. At the current level leguminous plants apport 245 kt N yearly, which already 

represents 25% of the N apported by inorganic fertilizers. Further increase in the quantity of N fixed by these crops would 

result in a lower inorganic requirement, not only contributing to reduce the carbon footprint associated to the use of inorganic 
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fertilizers but also reducing the external dependencies.  Also, ii) the production of organic fertilizer using pig and cattle 

manure in areas with high concentration of livestock was recommended. In addition, there was iii) the National Plan for 

Emissions Reduction, with the replacement of fossil fuels with renewable energies for electricity production. In this case, i f 

there is a 20% reduction in fuel imports it would directly reduce the industry emissions to atmosphere mainly due to the 

reduction in NOx production.  

3.5.3 NUE in food: a transition towards a sustainable diet 

Quantification of the flows in the development of the NFA together with the state of the art indicate that the food industry is 

an important factor in the N cycle [82]. In the specific case of Spain, food waste is the indicator that places the country 

behind the rest of the EU member states and that could be key to taking a step forward in terms of the efficiency of N. For 

instance, according to the European food waste levels reported in 2016 [83], Spain was listed as one of the countries 

providing data of insufficient quality; therefore, up-to-date information of relevant quality must be collected to identify sources 

of food loss and act to reduce the waste generated in this sector. It is important to highlight the need to establish policies for 

the progressive reduction of food waste as well as to promote the recirculation of all those by-products of the food production 

industry, which could lead to greater efficiency in the use of N. 

In terms of livestock production, changes in feed composition can increase N-use efficiency in animals destined for human 

consumption without affecting the quality of human digestible protein in meat products [84]. The increasing use of synthetic 

fertilizers, together with other practices of agricultural intensification, has resulted in a considerable increase in agricultural 

productivity during the decades [85]. However, a large part of the increase in primary agricultural production is used as 

animal feed [86]. A recent study, Nitrogen on the table [87], indicated that current average per capita protein intake in the 

EU was about 70% higher than that recommended by the World Health Organization (WHO). Spain also stands out as one 

of the countries with the highest meat consumption in the EU27. This can be seen as an opportunity to experience a notable 

reduction of N pollution by pursuing a redistribution of the land dedicated to food production by limiting the average meat 

consumption in the national diet. 

Using biophysical models and methods, the large-scale consequences of replacing 25–50% of animal-based foods with 

plant-based foods on a dietary energy basis were calculated, assuming corresponding changes in production in the EU [88]. 

The results showed that cutting meat, dairy and eggs in half would achieve a 40% reduction in N emissions, 25–40% 

reduction in GHG emissions and 23% less per capita use of cropland for food production.  

In this sense, a sensitivity analysis was carried out to assess the impact of dietary changes on the overall NFA model. 
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Assuming a 50% reduction in meat consumption implies a 50% increase in the N consumed through p lant-based foods to 

compensate for the protein consumed through animal products as can be seen in Figure 8.  

 

Figure 8 Impact of the hypothesis of 50% reduction in meat consumption on agricultural land 

Imports into the system through food would remain constant since no distinction was made in the flow between plant and 

animal products. Therefore, the study focused on the subsystem of agriculture and livestock. Applying a 50% reduction to 

all integrated flows in the livestock and a 50% increase in all flows connected to the agriculture, the results indicated that 

the stock in the agricultural soil would decrease by 22 ktN/y, a reduction of N stock by 16% compared to the current model. 

Taking into account the increasing trend of NANI reported by Lassaletta et al., (2013), this model could help reduce N 

imports to the system, and therefore, the accumulation of N in the soils.  

A large EU-level initiative to reduce food waste at the individual level is being promoted [89] in addition to other initiatives 

through the EU Green Deal Action Plan with programs such as Farm to Fork [90]. However, communication is a key aspect 

to promoting significant changes in the habits of citizens and even more in the change of mentality towards certain aspects 

of their lifestyle. Nitrogen flows are strongly linked to consumption habits and agricultural practices that must be managed 

in such a way that the greatest benefit is obtained both for the productivity of the land and to minimize the consequences of 

the social and environmental problems that arise globally.  

69



 Conclusions  

In this study, an NFA has been carried out within the Spanish territory with the data collected in 2016. The Lack of updated 

data and, in some cases, the variability of the information was the main challenge for the development of this analysis at a 

national level. Despite the availability of various reliable sources of information for the quantification of N flows related  to 

agriculture, a detailed comparison has been made between the most relevant studies published in the Spanish territory to 

verify the credibility of the data obtained in this study.  

This NFA has been developed taking into account not only the agricultural-related flows but also those linked to industry 

and waste management, among others. Food consumption habits, heavily linked to the trends in agricultural production, 

have been proven to be important in the N surplus reduction process.  

In this study, the total contribution of anthropogenic N input (NANI) to the country has been estimated, considering the 

application of synthetic fertilizers (1191 ktN/y), the net atmospheric inputs (245 ktN/y), the N biological fixation by crops (180 

ktN/y), and the net food and feed imports (479 ktN/y), which finally represents a NANI of 2095 ktN/y for Spain, 14% higher 

than expected by trend of growth from the data reported by Lassaletta et al., (2013). 

Regarding waste management, prioritizing biological treatment as the main end-of-life scenario for compostable goods 

would be the best strategy to reduce the wasting of N to the environment, specifically in the atmosphere, water or soil. In 

this way, avoiding the incineration as an end-of-life scenario, it could be prevented 11 kt N per year from reaching the 

atmosphere.  

According to the results, it is recommended to increase the circular strategy within the territory. This could be achieved by  

recovering nutrients present in wastewater and transforming them into fertilizers. Taking into account that Spain reports an 

N stock between 40 % and 60 % (913 kt N/ a), actions should focus on reducing N losses in water bodies in the agricultural 

sector, which represent 724 kt N per year. Furthermore, considering the agricultural system, there is an annual accumulation 

of 132 kt N per year in soils that also needs to be addressed. It is important to improve soil N management to increase the 

organic N in soil and thus maintain the C/N ratio above 10, which is a sign of soil organic matter accumulation. However, it 

is also important to reduce the risk of nitrate accumulation and leaching, in order to comply with Council Directive 

91/676/EEC on the protection of waters against pollution caused by nitrates from agricultural sources. This directive 

establishes a limit of 170 kg N/ha·y for livestock manure in vulnerable zones. In 2009, the overall value in Spain was 33.14 

kg N/ha·y according to Lassaletta et al. [21]. In this study, a value of 41.5 kg N/ha·y was estimated for 2016, which 

corresponds to an increase of 25 % in only 7 years. 
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Finally, a revision of dietary patterns in Spain showed that is possible to reduce nitrogen stored in soils by 16 % when 

considering 50 % less consumption of animal products.  
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4 Chapter 4: Advanced hybrid system for ammonium valorization as 

liquid fertilizer from treated urban waste waters: validation of 

natural zeolites pretreatment and liquid-liquid membrane 

contactors at pilot plant scale  

 Introduction 

United Nations projections predict that the global population will reach 8.6 billion by 2030 and 9.8 

billion by 2050 [91]. This growth in population and consumption will put immense pressure on the food 

industry to increase production, requiring more intensive agricultural practices and higher usage of 

land, water, energy, and fertilizers [92]. Non-renewable mineral fertilizers, such as N, P, K, and Mg, 

currently form the basis of modern agriculture. However, crops only absorb 31-49% of supplied N and 

35% of supplied P. 

Wastewater treatment has long been seen as a health and environmental concern. Traditional 

wastewater treatment technologies, established in the early 20th century, were designed to remove 

organic pollutants and nutrients like nitrogen and phosphorus, but are not considered sustainable [93]. 

Recently, the perspective on wastewater has shifted, transforming from a health concern to a valuable 

source of nutrients for fertilization. This change has been driven by phosphorus scarcity and the 

environmental impact of nitrogen-based fertilizer production [94]. 

As a result, research has been focused on developing new treatments and procedures to turn 

wastewater treatment plants from energy consumers into energy recovery and nutrient production 

facilities [95]. Various alternative technologies have been explored for ammonium removal from urban 

and industrial wastewater, including ion exchange, adsorption, biological technologies, air stripping, 

chemical precipitation, chemical oxidation, and membrane-based technologies. Each method has its 

advantages and limitations, including cost, removal rate, sensitivity to pH and temperature, and the 

introduction of new pollutants [96]. However, when promoting nutrient circularity within urban and 

industrial water cycles, only certain technologies or combinations of technologies (e.g., hybrid 

processes) are deemed suitable. 
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Ion exchange using low-cost sorbents, i.e., natural zeolites [97], and synthetic [98] appear to be a 

promising option due to the capability to recover ammonium from treated wastewaters after an ion 

exchange reaction after the exchange of the NH4
+ in solution by the counter ion (e.g., typically Na+) of 

the zeolite. The first removal option is the recovery from the main streams of the conventional activated 

sludge (CAS) systems or the main streams after a treatment with An-MBR (anaerobic membrane 

bioreactor) when residual values of NH4
+ may range between 5 to 60 mg/L. A second option of 

ammonium recovery is centered in its recovery from the sidestreams generated in the anaerobic 

digestion of sewage sludge, where ammonium concentrations between 600-900 mg/L NH4
+ are 

expected to be treated [99]. Once the zeolites are saturated with NH4
+ ions, zeolites can be 

regenerated with NaCl, KCl, NaOH or mixtures of them and then a second stage is needed to recover 

the N-species (NH3) present in regeneration brines as a valuable pure by-product (e.g., ammonium 

salts as fertilizers [100] or ammonia [66]). It has been also reported a wide variety of sorption capacity 

towards ammonium, ranging from 2- 43.5 mg N-NH4/L depending on the zeolite properties and the 

composition of the treated stream (e.g., ammonium concentration and concentration of competing 

ions) [96], [101]. Besides, the cost of zeolites is much lower than the cost of synthetic zeolites or 

polymeric sorbents, which provides the potential to be implemented at full scale facilities [96]. 

However, the application of zeolites at full scale still must face and overcome several challenges. One 

of the most important is the regeneration stage and the chemicals used (i.e., NaOH, NaCl or KCl) 

required to maximize nitrogen recovery. In order to achieve recovery efficiencies up to 90-98% doses 

of NaCl up to 50-80 g/L may be required, which would mean 50-60% of the operational expenditure 

of the process [102]. Other main issue to be addressed is the presence of competitive ions such as 

potassium, calcium or magnesium, which are also adsorbed by the zeolites, decreasing the exchange 

capacity towards ammonium. This effect will be increased treating anaerobic digestion centrates due 

to concentrations of K, Ca and Mg may reach, on average, values of 350 mg/L, 300 mg/L and 90 mg/L, 

respectively [103]. Moreover, the lifespan of the zeolites is still one of the key parameters to define the 

operating cost of this technology and it is also one of the parameters scarcely evaluated in literature. 

It has been reported that zeolites can be regenerated 12 times with 0.6 M NaCl at pH 10 [104] without 

losing capacity but it has been also reported a loss of zeolite mass between 2.4 – 5.7 %weight after 10 

cycles of regeneration due to caustic attrition [105].   

Once the zeolites are regenerated a N rich solution is produced. This solution must be treated in order 

to recover and valorize the ammonium. This way liquid-liquid membrane contactors (LLMC) appear 
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as a promising technology to achieve this objective.  

The LLMC is a novel and ecofriendly technique where two liquid phases are separated by a membrane 

and target specie is only transported by diffusion phenomena, due to phases do not mix between them 

[106]. For that, this technique allows ammonia recovery from wastewater effluents using an acid as 

stripping solution in several industrial applications [107]. Then, its transformation into ammonium salts 

is produced and they could be used as liquid fertilizers such as NH4NO3, (NH4)2SO4, (NH4)2HPO4 or 

(NH4)H2PO4, among others [108]–[110]. 

Licon Bernal et al. and Sancho et al. [111], [112] studied the applicability of hollow-fiber membrane 

contactors for the recovery of ammonium from a synthetic regenerant solution, which was used as a 

surrogate for the liquid phase produced during the regeneration of loaded zeolites being applied in 

tertiary wastewater treatment. Results showed 95% ammonium recovery; therefore, the treated 

regenerant solution can be reused for zeolite regeneration reducing the operating costs. Garcia-

González & Vanotti (2015) investigated the nitrogen recovery from swine manure using hollow-fiber 

membranes directly submerged into the ammoniacal manure. The investigation of the influence of pH 

adjustment and aeration rate of swine manure at different ammonium concentrations resulted in 

ammonium recovery rates up to 94% 47]. Lam e[113].  

Investigations with membrane contactor at pilot scale have been conducted at Neugut WWTP 

(Switzerland). Process water from sludge dewatering deriving from different municipal WWTPs and a 

digester with codigestion of meat waste processing and containing 700–3,400 mg/l NH4-N was treated 

by a pilot plant including three membrane stages in series with 120 m2 total membrane surface area 

[114]. Sulphuric acid was recirculated through the lumen side of the hydrophobic hollow-fiber 

membranes [115]. Boehleret al. (2015) achieved elimination rates between 80% and 99% depending 

on the adjustment of pH value and temperature (up to pH 10.5 and 54 °C using caustic soda and heat 

exchange, respectively). A full-scale membrane contactor facility was implemented at Yverdon les 

Bains WWTP (Switzerland). The facility includes several pretreatment steps (alkali addition, heat 

exchanger and multiple filtration steps) and membrane modules in series. First operational 

experiences revealed about 70% nitrogen elimination when the pH value and temperature of the 

process water were adjusted to pH 9.7 and 40 °C, respectively [116]. 

The primary objective of this study is to evaluate the technical feasibility of utilizing natural zeolites 
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and LLMCs (liquid-liquid membrane contactors) for recovering and repurposing ammonium from 

wastewater treatment plants (WWTPs) as a fertilizer. Zeolites were examined as an advanced 

pretreatment and concentration method prior to implementing LLMCs. Two separate streams were 

tested: WWTP effluent (diluted stream containing 50 mg N-NH4/L) and anaerobic digestion centrates 

(concentrated stream containing 600-800 mg N-NH4/L). 

Initially, a laboratory-scale study was conducted to determine the optimal operating conditions using 

effluent mainstream wastewater from the Vilanova i la Geltrú (VNG) WWTP and a natural zeolite 

(ZEOCAT) with a particle size of 1.0-2.5 mm. Subsequently, these conditions were tested at a zeolite 

pilot plant situated at the VNG-WWTP, operating for one year. Following this, the pilot plant was 

transported to Murcia ESTE WWTP to operate with anaerobic digestion centrates for another year. 

Upon evaluating the zeolites' superior performance in terms of cation capacity and concentration 

factor, the decision was made to concentrate the valorization efforts within the sidestream, as the 

lower flow rates and higher nitrogen concentrations would yield better economic performance. The 

operation of the LLMCs was aimed at producing a high-quality ammonium salt suitable for use as 

fertilizer, ensuring it is free of heavy metals and organic micropollutants. 

 Materials and Methods  

4.2.1 Water characterization 

Wastewater used at lab experiments was sampled from the effluent of VNG-WWTP. It was collected 

from the effluent of the secondary clarifier. On the other hand, the sidestream used at pilot scale was 

collected from Murcia ESTE WWTP. The composition of each sample was characterized measuring 

pH, conductivity, TSS and dissolved ions. pH and conductivity were measured with Crison pH meter 

GLP 22 and Crison EC-Meter GLP 31, respectively. Total suspended solids were measured according 

to the procedures described in the Standard Methods for the Examination of Water and Wastewater 

[117]. Analysis of cations such as Na+, NH4+, K+, Mg2+ and Ca2+ was carried out by means of 

cationic chromatograph Thermo Fisher Dionex ICS-1000. Analysis of anions such as anions Cl-, NO3-

, PO43- and SO42- was carried out by means of a chromatograph Thermo Fisher Dionex ICS-1100. 
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4.2.2 Characterization of zeolites 

Natural clinoptilolite zeolites were provided by ZEOCEM (www.zeocem.com), with two different 

granulometries: from 0.5-1.0 mm to 1.0-2.5 mm of mean particle diameter. Morphology and 

composition of the raw sample and samples after being operated in sorption and desorption cycles 

were studied by means of Field Emission Scanning Electron Microscope (FESEM) (JEOL JSM-7001F) 

and X-ray diffraction (XRD). 

Prior to experiments, zeolites were washed with distilled water to remove dust and smaller particles. 

After that, zeolites were submerged in a 1 M NaOH and stirred in an orbital stirrer for 1 h. This process 

allows to activate the zeolite into its Na+ form, and thus increasing its ammonium exchange capacity. 

Finally, zeolites were washed out with distilled water to adjust pH to neutral values (7-8) and loaded 

in the fixed-bed columns. 

4.2.3 Column laboratory experimental setup 

The lab-scale experimental setup consisted of two fixed-bed columns with 18.7 cm high and 22.6 mm 

internal diameter, each column had glass wool at the bottom to prevent zeolites from running off. 

Furthermore, inert sand was added until filling 10% of the column to promote flow distribution. Finally, 

column was loaded with 67 grams of zeolite.  

During the adsorption phase, feed stream entered from the bottom of the column and left the column 

from the top. When the zeolites were exhausted and a regeneration was required, a first step of 

counter current (from top to bottom) washing at 4 times feed flow was developed in order to expand 

the zeolite bed. After that, the regeneration took place from bottom to top (co-current). Finally, once 

the zeolite was regenerated a last step with Milli-Q water in the same flow conditions as adsorption 

was carried out in order to adapt the zeolite bed.  

In order to determine the porosity of the zeolites column beds once packed, a 10 mL lab cylinder was 

tared and a certain number of zeolites (W0) were poured into and the occupied volume was noted 

(Vzeolite). Distilled water was then added until the 10 mL level mark. It was then stirred for 1 h in an 

orbital shaker to compact the zeolites. Finally, excess water was removed until the level matched the 

level of zeolites, then the cylinder was weighted again (W1), the difference between both is the weight 

of water (Wwater) and thus the volume of water (Vwater) was estimated. The porosity of the beds was 
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estimated using Eq 6-7:  

 
𝑊0 − 𝑊1 = 𝑊𝑤𝑎𝑡𝑒𝑟 ≈ 𝑉𝑤𝑎𝑡𝑒𝑟 Eq. (6) 

 
𝑉𝑤𝑎𝑡𝑒𝑟

𝑉𝑧𝑒𝑜𝑙𝑖𝑡𝑒
· 100 = 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 

Eq. (7) 

Porosity of the columns used in the column experiments were 0.42 for experiments with 2.5 mm zeolite 

and 0.39 for 0.1 mm zeolite mean diameter, respectively.  

4.2.3.1 Experimental design 

Mainstream water was used for this first set of experiments at lab-scale. In this case, in order to 

maximize the nitrogen recovered, different flow rates at the sorption and regeneration steps were 

evaluated. A total of four experiments, each of which was carried in duplicate, tested different couples 

of sorption and regeneration flow rates. Each experiment consisted in an adsorption and a 

regeneration step and between both phases Milli-Q water was circulated counter current for 10 

minutes to rinse the column. The experimental conditions for each of the experiments are summarized 

in Table 8. 

Table 8 Sorption – desorption flows for each test. 

Experiment Sorption flow 

(BV/h) 

Regeneration flow 

(BV/h) 

4-2 4.1 ± 0.3 2.0 ± 0.2 

4-0.8 3.9 ± 0.1 0.8 ± 0.1 

10-5 10.1 ± 0.1 5.1 ± 0.3 

10-2 9.9 ± 0.1 ± 0.2 

 

In order to achieve optimal regeneration, 11 regenerant solutions were tested al lab-scale, hence a 

certain amount of zeolite was loaded and saturated using the fixed-bed configuration set-up.  

Thus, to study the regeneration process 67 g of zeolite were loaded in a column of 18.7 cm high and 

22.6 mm internal diameter. After that, zeolites were fed with VNG-WWTP effluent until saturation was 

achieved. It was considered that the breakthrough point was reached when the concentration of N-

NH4 measured at the effluent was higher than 20% of N-NH4 at the influent (C/C0=0.2). For an influent 
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with 50 mg/L N-NH4, C/C0=0.2 matched 10 mg/L of N-NH4 in the effluent which was the threshold 

established by WW Directive (91/271/EEC) for sensitive zones. From the operating point of view, 

breakthrough point may be surpassed upon reaching C/C0=1 which is the saturation point. The total 

mass of loaded zeolite was split into 11 fractions of 5.5 g and put into conical flasks, in which 55 mL 

of regenerant solution was poured (maintaining a ratio of 1:10 gzeolite /mL regenerant). Regenerant 

solutions were based on NaOH (0.05; 0.1 and 0.5 mol/L), NaCl (1; 5; 10 and 20 g/L) or a mixture of 

both substances (0.01 mol NaOH/L and 1 g NaCl L; 0.01 mol NaOH/L and 20 g NaCl/L; 0.1 mol 

NaOH/L and 1 g NaCl/L; 0.1 mol NaOH/L and 20 g NaCL). These conical flasks were shaken for 24 

hours, and the supernatant was finally collected and analyzed by ion chromatography. 

4.2.4 Zeolites pilot column experimental setup 

Considering the results achieved at lab scale, a pilot plant with 1 m3/h of nominal capacity was 

designed, built and installed in VNG-WWTP to operate for a year and then moved to Murcia ESTE 

WWTP to operate another year. Feed water for this pilot plant consisted of VNG-WWTP effluent as 

mainstream water and Murcia Este Centrates, as sidestream water. The feed stream was pre-treated 

by a filtration system based on a glass filter (0.5-1.0 mm) and an ultrafiltration unit with 50 – 60 kDa 

size cut-off working in dead-end configuration. Ultrafiltered water was then fed to the zeolite fixed-bed 

columns as can be seen in Figure 9. 
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Figure 9 a) schematic flow diagram of the pilot plant; b) Photograph of the pilot plant. 

100 kg of zeolites (provided by ZEOCEM with two granulometries 0.5 – 1.0 and 1.0-2.5 mm mean 

particle diameter) were loaded in each of two columns, which had a capacity of 200 L. It was meant 

to test both granulometries since the lower the size the higher capacity. However, it can also increase 

operating problems. These columns were designed to provide maximum operating flexibility. This 

means that by means of electro valves, it could be operated with columns either in series or parallel 

or even with only one column.  

A 150 L high-density polyethylene tank was used to collect the feed flow and continuously feed the 

pre-treatment system. Permeate stream from UF unit was then stored in two high-density polyethylene 

tanks with a total volume of 1500 L and subsequently was pumped to the zeolite columns. Ammonium 
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free water was stored in two high-density polyethylene tanks with a total volume of 1500 L to be used 

later to prepare the regenerant solution. All reservoir tanks were covered but were vented to maintain 

atmospheric pressure. A process logic controller (Simatic S7-1200 controller, SIEMENS) was 

employed to control, operate, and log operational data from the pilot plant. 

The zeolites pilot plant was operated continuously for a whole year with each different stream. Each 

experiment consisted in a sorption until achieving the breakthrough and the consequent regeneration 

of zeolites. Sorption tests were focused on assessing the cation exchange capacity towards N-NH4, 

while keeping an effluent with low concentration of N-NH4 (< 1 ppm N-NH4). Once the zeolites 

surpassed the breakthrough point or reached the saturation point, they were regenerated to recover 

its ion exchange capacity. 

4.2.4.1 Experimental design in mainstream and sidestream 

In this study, the performance of zeolite in ammonium recovery from both mainstream and sidestream 

processes of WWTPs was evaluated. The comparison was based on the adsorption efficiency and 

capacity of the zeolites under different operating conditions. 

A total of four mainstream and four sidestreams adsorption experiments were conducted (Table 9). 

The operating conditions for each experiment were kept constant in order to assess the stability of the 

process and assess the decrement of the CEC through different cycles. 

Mainstream experiments were conducted by only one column (100 kg zeolites) in order to diminish 

the experimental time. Zeolites were from ZEOCAT with a particle size of 1.0-2.5 mm and fed at a 

constant flow of 400 ±50 L/h (8.3 ± 1.01 BV/h) with a centrifuge pump (MS 100/0.55).  

Regeneration tests were developed at 700 ± 50 L/h (14.5 ± 1.01 BV/h) and focused on maximizing 

the ammonium recovery. To do so, the regenerant solution selected was NaOH 0.5 M to guarantee 

high concentration of sodium and high pH to maximize the recovery. In this experiment, ammonium 

was measured at the influent and the effluent of the columns as well as during the regeneration 

process to assess the mass balances for nitrogen. 

The regenerant solution was not sampled during the regeneration process. Instead, the whole 

regenerant solution was stored and analyzed at the end of the process as one homogeneous sample.  
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Regarding operational conditions with sidestream, flowrate to zeolite columns (ZE) was at 400±50 

L/h. Zeolites were from ZEOCAT with a particle size of 0.5-1.0 mm. Regeneration of columns was 

carried out with 350-500 L of a solution of NaOH 0.2 M. The regenerated stream was stored in a 1 m3 

container which was full after 2-3 zeolite experiments. After that an experiment of membrane 

contactors was carried out.  

Table 9 Zeolites experimental design. 

 Mainstream Sidestream  

Adsorption - desorption cycles 4 4 

Granulometry (mm) 1.0-2.5 0.5-1.0 

Adsorption flow (L/h) 400 400 

Regeneration flow (L/h) 700 700 

Regenerant concentration 

(NaOH) (M) 
0.5 0.2 

 

4.2.5 Liquid-liquid membrane contactors experimental setup 

LLMC unit separates two liquid phases by hydrophobic porous hollow fiber membrane (3M). The 

LLMC system for ammonia recovery, working in a closed-loop configuration, can be described as 

follows (Figure 10): ammonia-rich wastewater is fed on the feed side (lumen side) while the acid 

stripping solution is fed on the on the opposite side (shell side). Then, the ammonia recovery process 

inside the LLMC takes place: ammonia gas diffuses from the feed stream to the feed-membrane 

interface, volatilizes inside it and then diffuses through the membrane pore of the membrane to reacts 

with the acid stripping solution on the shell side. In this sense, hydrophobic porous membranes provide 

a safe technology to assure ammonia recovery from WWTP since the potential organic and inorganic 

micro-pollutants transport on the generated by-product is avoided [111], [118]. 
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Figure 10 Scheme of the LLMC pilot plant. 

 

The possibility of using different acids allows to produce fertilizers on demand and consequently to 

increase their potential market penetration. In this case, using HNO3 (0.4 M), as the acid in the 

stripping solution, produces a nitrogen fertilizer (which is a single-nutrient fertilizer); whereas when 

H3PO4 is used as a stripping solution, a nitrogen-phosphorous fertilizer (which is a multi-nutrient 

fertilizer) is obtained. There is a control loop that can maintain the pH at a desired value adding the 

acid HNO3 (58%) through the time. In this case, the set point was stablished in order to keep the pH 

at 3.4 and maximize the mass transfer.  On the other hand, an exhausted effluent, free of ammonia is 

also obtained during the LLMC process. This stream, at high pH, can be reused for the zeolite’s 

regeneration [66], [119]. 

Since water transport is an unwanted process associated with ammonia transport due to differences 

in vapor pressure between the feed side and the acid side, drying was performed after conducting an 

experiment.  
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The drying time was around 8 hours at 40ºC with a flow rate of 34 m³/h. The maximum gas pressure 

was 0.70 kg / cm². For this reason, the gas line had pressure, temperature and flow sensors. 

Table 10 shows the main parameters considered for the design and operation of the unit. 

Table 10 Operation parameters of the membrane contactors unit 

Parameter  Value Units 

Feed/ acid volume ratio storage 100 Lfeed/Lacid 

Feed and acid flowrates  0.5 – 2 m3/h 

Temperature 18 – 25  ºC 

Feed pH  >11 
 

Operating voltage 380  VAC-50 Hz-3F+N 

Power 27.7 kW 

 

4.2.5.1 Experimental design 

Prior to testing the LLMCs, two fully characterized experiments were conducted to validate their 

performance. These experiments provided a solid foundation for understanding the capabilities and 

limitations of the system, enabling further optimization of the process. 

All the experiments described in this part were carried out with regenerant solution from zeolites 

treating sidestream, which produced a regenerant stream with 4-5 g/L N-NH4. However, the first one 

only has 1.3 g/L N-NH4 due to it was stored at pH 12 for a long time before the experiment which led 

to N loses as ammonia gas.  

Following the successful completion of these initial experiments, the system operated in batch mode 

(producing a total of 9 lots of fertilizer), allowing for analysis only at the beginning and end of each 

experiment. N-NH4 concentration was measured using kits during the experiments on the feed side to 

determine the end of the operation. Kits cannot be used in the acid side due to acidic conditions and 

high concentrations, requiring distillation and titration. Each experiment started with 10 L of HNO3 0.4 

M in the acid side in order to start the operation, after that, the control loop added HNO3 (58%) in order 

to keep the pH at 3.4 and maximize the mass transfer. Full characterizations (N-NH4, NO3, ions, heavy 

metals, and OMPs) were conducted for each batch of fertilizer produced. After each experiment, the 

membrane underwent a drying procedure to remove any potential water in the pores, preventing pore 
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wetting in subsequent experiments. 

Additionally, due to the scale factor, 2 or 3 zeolite experiments were needed to produce 1m3 of N-rich 

stream required to start the liquid-liquid membrane contactor (LLMC) tests. On the other hand, one of 

the most critical factors to monitor and avoid is pore wetting. Although the membranes are 

hydrophobic, pores may become wet during operation. This issue depends on the pressure and the 

selected acid. If too many pores become wet, constant water transport through the membrane occurs, 

leading to quality issues in the final product. 

The summary of the experiments developed with the LLMCs are displayed in Table 11. 

Table 11 LLMCs experimental design 

 Experiment 

 1 2 3-9 

N-NH4 feed concentration (g N-NH4/L) 1.3 4-5 4-5 

Feed pH 12 12 12 

Acid HNO3 HNO3 HNO3 

Feed flow (L/h) 500 500 500 

Acid flow (L/h) 500 500 500 

Acid side initial volume (L) 10 10 10 

Feed side initial volume (L) 1000 1000 1000 

Sampling points 
Along the 

whole 
experiment 

Along the 
whole 

experiment 
Initial-final 

 

4.2.6 Sampling and analytical methods 

The pilot plant was equipped with two real-time ammonium sensors (AN-ISE SC, Hach Lange) - one 

at the inlet of the columns and another at the outlet - to determine the ammonium uptake of the zeolites 

by calculating the difference between the two sensors. The PLC (programmable logic controller) was 

responsible for logging and controlling the measurements of both probes. When the concentration of 

the effluent matched that of the influent, the PLC initiated the regeneration process. Every day, two 

samples were taken from the influent and the effluent and sent to IRTA (Institute of Agrifood Research 

and Technology) for analysis. All samples were analyzed using ion chromatography (IC) to measure 

the concentration of soluble cations (Ca, Na, K, Mg) and anions (PO43, Cl, SO4), as well as distillation 

and titration to measure N-NH4. Moreover, heavy metals (Al, Cr, Ni, Cu, Zn, Cd, Hg, Pb) were 
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quantified in each ammonium-rich solution produced during column regeneration using Inductively 

Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The content of organic micropollutants 

in these ammonium-rich streams, including Celestolide, Galaxolide, Tonalide, Ibuprofen, Naproxen, 

Diclofenac, 4-Octylphenol, 4-Nonylphenol, Bisphenol A, and Triclosan, was analyzed using gas 

chromatography coupled with mass spectrometry. Additionally, Carbamazepine, Diazepam, 

Erythromycin, Fluoxetine, Roxithromycin, Sulfamethoxazole, Trimethoprim, Estrone, Estradiol, and 

Ethinylestradiol were analyzed using liquid chromatography coupled to mass spectrometry. 

For the calculation of ammonium uptake, a plot (see Figure 11, a) between the concentrations of the 

removed ions in the effluent (ordinate) versus the effluent volume (abscissa) was drawn. The 

breakthrough is defined as the point where the unwanted ions in the effluent appear in appreciable 

quantities. The extent of breakthrough increases to a point where no more ion exchange occurs, that 

is, the effluent contains the original concentration of the ions. This point indicates the stage at which 

the ion exchanger is completely exhausted and must be regenerated or replaced. For the ammonia 

recovered, a plot (see Figure 11, b) between the concentrations in the effluent (ordinate) versus the 

effluent volume (abscissa) is drawn. 

Other relevant parameters were such as concentration factor and % of recovery, which were 

calculated as follows: 

The concentration factor (CF) was calculated according to the expression indicated according to 

equation 2:         

 𝐶𝐹 =

𝑞𝑑𝑒𝑠 ·
𝑚𝑍
𝑉𝑟𝑒𝑔

𝐶0
 (3) 

The recovery percentage (%recovery) was calculated using equation 3: 

 %𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑞𝑑𝑒𝑠

CEC
· 100 (4) 

 

Where C0 is the initial concentration of the ion in the water (mg/L), mZ is the mass of zeolite in the 

column (g), Vreg is the volume of regenerating solution needed in the desorption process (L), CEC is 
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the adsorption capacity during the adsorption (g N/ gzeolite) and qdes is the amount of N recovered in the 

desorption (g N/ gzeolite). 

 

Figure 11 Calculations of N uptake and recovery. 

 Results & discussion 

4.3.1 Water characterization 

Table 12 display the results of the wastewater characterization from mainstream and sidestream. 

Table 12 Water characterization 

Parameter Mainstream Centrates 

Conductivity (mS/cm) 2.2 10.1 

pH 8.4 8.6 

Ca (mg/L) 222 106.5 

COD (mg/L) 66 777.3 

K (mg/L) 28 545.8 

Mg (mg/L) 48 29.0 

N-NH4 (mg N/L) 66 874.3 

P-PO4 (mg P/L) 1 29.0 

SO4 (mg/L) 151 168.4 

TSS (mg/L) 30 800 

 

4.3.2 Evaluation of the zeolite’s regeneration process at lab-scale 

4.3.2.1 Optimization of zeolites columns operating conditions at lab-scale 

The adsorption results at feed flows of 4 and 10 BV/h, and its corresponding desorption results are 
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displayed in Table 13. Considering these data, mass balances were carried out to assess the recovery 

effectiveness of the process, the concentration factor (CF) and select the best combination of feed 

and regeneration flows.   

Table 13 Recovery efficiency at lab scale at different flow rates. 

 Adsorption Regeneration 

Experiment Flow (BV/h) CEC (mg/gze) Flow (BV/h) Nrecovered (mg/gze) 
Concentration 

factor 
Recovery (%) 

4-2 4.1 ± 0.3 6.4 ± 1.1 2.0 ± 0.0 3.7 ± 0.2 4.8 ± 0.3 59.6 ± 12.7 

4-0.8 3.9 ± 0.1 4.4 ± 1.3 0.8 ± 0.0 2.7 ± 0.9 3.4± 1.3 60.2 ± 17.6 

10-5 9.8 ± 0.1 5.1 ± 0.2 5.1 ± 0.2 3.1 ± 0.4 2.4 ± 0.2 61.2 ± 10.2 

10-2 9.9 ± 0.1 7.6 ± 0.2 1.9 ± 0.1 5.0 ± 0.9 5.3 ± 0.6 66.1 ± 13.8 

  

Considering the efficiency of recovery there was no big difference from one condition to another, 

except for the adsorption flow of 10 BV/h and a regeneration flow of 2 BV/h which provided 

approximately 6% higher percentage of recovery. However, there is a direct relation between flowrate 

and capacity of zeolites [120], [121]. As it is displayed in Table13 selecting a feed flowrate of 10 BV/h 

allowed to achieve exchange capacities towards the ammonium of 9.8-9.9 mg N-NH4/mg of zeolites 

which has a direct impact in the operating costs. Thus, for the regeneration, it will always be preferred 

a flow 5 time higher than the feed to maximize the recovery.   

The hydraulic retention time (HRT) influences the operating ammonium exchange capacity when 

filtering wastewater through a zeolite packed column. Beler-Baykal et al. [122] investigated the effect 

of the hydraulic retention time within the range 0.5–12 min. They did not recommend a hydraulic 

retention time of <3 min because the breakthrough would occur too fast, and they eventually selected 

a retention time of 5 min for their experiments. Beler-Baykal and Guven [123] found that a longer 

hydraulic retention time (within the interval 3–10 min) delayed the breakthrough but that most 

ammonium was adsorbed after 5 min. In this work, HRT from 7 to 13 min were tested. It has been 

assessing that in these ranges there are no significant differences since from 5 minutes onward 80% 

of the N was extracted. Considering all the experiments, it can be concluded that the mean HRT value 

is around 10 min which will be the desired value.  
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4.3.2.2 Optimization of regenerant solution at lab scale 

When the zeolite is exhausted, the loading is interrupted and brine is pumped through the column. 

Both upflow [124], [125] and downflow [126] applications of the brine have been described. Many 

authors have used sodium chloride with the concentration 0.1–0.6 M NaCl as the regeneration brine 

[124]–[126]. The time needed for satisfactory regeneration of the exchanger depends on the 

concentration and pH of the brine. Koon and Kaufmann investigated the impact of pH on the 

regeneration performance. At pH 11.5 and 2% regeneration brine, 20 BV of regeneration brine were 

needed, corresponding to 1.3 h of regeneration. Koon and Kaufmann ([124]) found that the 

regeneration performance was independent of the flow rate within the interval 4–20 BV/h and chose 

15 BV/h. Similar results were observed by Semmens and Porter [127], who varied the regeneration 

flow between 12 and 20 BV/h and continued with the regeneration flow 12 BV/h for 1 h, which is in 

line with the findings in this work. 

When pH was increased to 12 and 12.5, 20 and 10 BV of brine were needed, respectively. In both 

cases, 1.2% regeneration brine was sufficient. Ødegaard [128] recommended a mixture of sodium 

chloride and sodium hydroxide as a regeneration brine. This would decrease the need for brine by 

90% compared to using only sodium chloride. However, the advantage of using caustic regeneration 

brine must be put in relation to the disadvantage of possible zeolite attrition [124]. 

The results obtained from batch desorption tests demonstrated that ammonium recovery can be 

achieved by providing sodium ions from NaOH, NaCl, or a combination of both. As seen in Figure 12, 

90% of N recovery can be achieved with concentrations of NaOH 0.5 M, NaOH 0.1 M, and 20 g NaCl/L. 

Although NaOH 0.5 M provided more consistent results, possibly due to the pH increase, the optimal 

regenerant solution was a mixture of NaOH 0.1M and 20 g/L of NaCl, owing to its lower cost: 3 €/kg 

N recovered with NaOH 0.5 M vs. 1.5 €/kg N recovered with NaOH 0.1M and 20 g/L of NaCl. 
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Figure 12 Efficiency of the regenerant solutions (%) using samples from loaded zeolites in column 

experiments 

 

4.3.3 Zeolites pilot plant performance treating mainstream and sidestream 

In this section, the performance of the zeolite at pilot-scale in ammonium recovery from both 

mainstream and sidestream processes of WWTPs is discussed. The comparison is based on the 

adsorption efficiency, and capacity of the zeolites under different operating conditions. 

The adsorption efficiency of zeolites in mainstream processes was found to be generally lower than 

in sidestream processes. This is attributed to the low ammonium concentrations. In contrast, 

sidestream processes typically have higher ammonium concentrations which increase the cation 

exchange capacity.   

Main results for zeolites treating mainstream and sidestream are displayed in Table 14 and 15, 

respectively. 
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Table 14 Results from zeolites in mainstream 

Mainstream  

Cycles of operation 1 2 3 4 

Inlet mean N-NH4 (mg/L) 58,9 66,5 57,9 55,9 

CEC (g N-NH4/kg zeo) 5,3 5,3 4,5 3,2 

N recovered (g N-NH4/kg zeo) 3,9 3,7 4,1 2,9 

Regeneration level (%) 74 70 92 90 

CF 15,7 16,3 19,8 13,8 

 

Table 15 Results from zeolites in sidestream 

Sidestream  

Cycles of operation 1 2 3 4 

Inlet mean N-NH4 (g/L) 0,74 0,68 1,12 0,98 

CEC (g N-NH4/kg zeo) 21,1 15,3 11,9 8,9 

N recovered (g N-NH4/kg zeo) 8,2 19,4 10,25 10,4 

Regeneration level (%) 38,8 126,4 86,1 117,5 

CF 6,5 3,0 0,9 1,9 

 

As it can be seen in sidestream there are some points were the N recovered is higher than the N fed 

in that cycle, in order to understand these results is necessary to assess the overall process efficiency 

which is depicted in Table 16.  

Table 16 Overall process efficiency 

 Mainstream 

Cycles 1 2 3 4 total 

N fed (mg N-NH4) 526 526 446 324 1823 

N recovered (mg N-NH4) 388 367 411 292 1459 

Overall recovery (%)         80 

 Sidestream 

Cycles 1 2 3 4 total 

N fed (mg N-NH4) 2112 1535 1190 885 5722 

N recovered (mg N-NH4) 820 1940 1025 1040 4825 

Overall recovery (%)         84 

 

As observed, there is a significant impact on the cation exchange capacity (CEC) when treating 

sidestream compared to mainstream. In sidestream treatment, it was possible to achieve CEC values 

of around 20 mg N-NH4/g, which is one of the most critical factors to consider when scaling the 

technology. Meanwhile, for the mainstream the highest value reached is 5.3 mg/g. Shaobin Wang and 

Yu[129] reviewed different natural zeolites with different treatments and measured the CEC. They 
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reported that the CEC could range from 2 to 30 mg N-NH4/g. More specifically, they reported data 

form a similar zeolite which is the NaOH treated zeolite with a CEC from 7.3 to 8.4 mg/g which is in 

the same range as the mainstream results. Being 30 mg N-NH4/g the highest value for a zeolite treated 

with microwaves, it can be considered that the value of 20 mg N-NH4/g achieved in the sidestream is 

rather high.  

Another essential factor is that in our case the lifespan of these zeolites was 4 cycles using NaOH. 

For sustainable operation of the process, zeolite's exchange capacity should not be compromised 

during the regeneration process. It has not been found a concrete number of cycles for the lifespan of 

the zeolites regenerated with NaOH. However, it has been reported that the electrochemical 

regeneration of zeolites was investigated by Lei et al. [130]. They pointed out that the synthetic zeolites 

could be completely regenerated even after the regeneration solution was used for five times, and 

96% of the by-product NH3 was converted into N2 [130]. An even higher regenerability was observed 

in the study of Huang et al. [131] where no obvious deterioration tendency was observed for NH4
+ 

removal performance of zeolite even after 20 operational cycles.  

Liberti et al. [125] investigated the performance of a pilot plant and applied a regeneration brine with 

the concentration 0.6 M, flow of 24 BV/h, and regeneration period of 40 min. Hlavay et al. [126] found 

that, if the regeneration flow rate was 5 BV/h, 4 h of regeneration was needed. However, if they 

increased the flow rate to 7 BV/h, the regeneration period decreased to 1.4 h. Sodium brine with the 

concentration 0.34 M was used 

In mainstream treatment, effluents with less than 1 mg N-NH4/L can be achieved, which will be crucial 

if discharge limits become more stringent in the coming years for sensitive zones. Zeolites in 

sidestream treatment can produce effluents with concentrations lower than 150 mg N-NH4/L, resulting 

in a direct reduction in energy consumption for biological removal processes. 

Regarding regeneration, the concentration factor was higher in mainstream treatment than in the 

sidestream. However, since the feed concentration is higher in the sidestream, the final concentration 

of the regenerant solution is also higher, which favors subsequent valorization processes. In general 

terms, with a feed concentration of 50 mg N-NH4/L, a concentration of 1 g N-NH4/L can be achieved, 

whereas with a concentration of 800 mg N-NH4/L, it is possible to achieve concentrations of up to 

4000 mg N-NH4/L. 
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Concerning the efficiency of recovery, it was possible to achieve recovery rates between 75% and 

90% of the fed nitrogen. However, in order to understand the excess of nitrogen found in the 

regenerations in the sidestream it is necessary to analyze the accumulated N through the different 

cycles to achieve the final overall value of 80-84% N recovered. 

In order to evaluate the quality of the regenerant solution for further treatment, both heavy metals 

(Table 17) and organic micropollutants (OMP) (Table 18) were analyzed. 

Table 17 Heavy metal characterization 

 Mainstream Sidestream 

  
Influent ZE Effluent ZE 

Regenerant 

stream 

Influent 

ZE 

Effluent 

ZE 

Regenerant 

stream 

Al (mg/L) <0,052 0,090 0,283 0,03 0,02 12,75 

Cr (mg/L) <0,005 <0,005 <0,005 0,05 0,05 <0,01 

Ni (mg/L) <0,055 <0,055 <0,055 0,05 0,05 0,02 

Cu (mg/L) <0,052 <0,052 <0,052 0,08 0,05 0,04 

Zn (mg/L) <0,052 <0,052 <0,052 0,03 0,03 0,03 

Cd (mg/L) <0,005 <0,005 <0,005 <0,01 <0,01 <0,01 

Hg (mg/L) <0,003 <0,003 <0,003 <0,003 <0,003 <0,003 

Pb (mg/L) <0,005 <0,005 <0,005 <0,01 <0,01 0,03 

 

As demonstrated in Table 17, heavy metals are not concentrated by the zeolites, and all of them 

remain below detection levels, with the exception of aluminum. The presence of aluminum at 0.28 

mg/L and 12.75 mg/L in the regenerant stream (from the mainstream and side stream, respectively) 

can be attributed to the partial dissolution of the zeolite caused by the high pH of the regenerant 

stream. In this case all the parameters comply with current legislation (considering thresholds 

stablished for sewage sludge and for fertilizers) 
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Table 18 OMP characterization in mainstream 

  Mainstream 

OMP (μg/l) Zeolite 

influent 

Zeolite 

concentrate 

Celestolide <0,01 0,52 

Galaxolide 0,16 <0,01 

Tonalide 0,07 <0,01 

Carbamazepine 0,15 0,16 

Diazepam 0,01 <0,001 

Ibuprofen 0,06 0,34 

Naproxen <0,005 <0,005 

Diclofenac 2,83 <0,02 

4-octylphenol <0,004 <0,004 

4-nonylphenol <0,004 <0,004 

Bisphenol A <0,005 <0,005 

Triclosan <0,01 <0,01 

Erythromycin 0,04 <0,001 

Fluoxetine 0,03 0,01 

Roxithromycin <0,004 0,005 

Sulfamethoxazole 0,14 0,04 

Trimethoprim 0,27 0,07 

Citalopram 0,19 <0,003 

Estrona <0,003 <0,002 

Estradiol <0,003 <0,002 

Ethinyl estradiol <0,003 <0,002 

 

For organic micropollutants, the majority were detected below quantification levels in the regenerant 

for mainstream (table 18) and sidestream (table 24). However, the ion exchange process seemed to 

concentrate some micropollutants, including Celestolide and Ibuprofen. In contrast, other 

micropollutants like Sulfamethoxazole, Trimethoprim, and Citalopram were reduced to minimal levels, 

or even below the quantification threshold. The results for the sidestream can be found in the next 

section because they were characterized as the LLMC feed. 

4.3.4 Zeolite characterization 

Zeolites have been extensively characterized, both in their pristine state and after undergoing 

experiments conducted in sidestream conditions. SEM results are reported in Figure 13. Membranes 

105



2023, 13, x FOR PEER REVIEW 15 of 23 3.4. Zeolite Characterization Zeolites have been extensively 

characterized, both in their pristine state and after undergoing experiments conducted in sidestream 

conditions. SEM results are reported in Figure 13.  

 

Figure 13 (a) New zeolite (×5000, 2 kV); (b–d) different pictures of zeolites after 4 cycles of operation prior 

to regeneration (×5000‐2 kV, ×3000‐20 kV, ×500‐20 kV). 

As depicted in Figure 13, repeated operation cycles lead to the formation of numerous precipitates on 

the surface of the zeolites prior to regeneration. These precipitates primarily consist of CaCO3, which 

has a propensity to precipitate under alkaline conditions that occur during each NaOH‐based 

regeneration process. This observation suggests that incorporating acid washing into the operational 

protocol after several cycles could be beneficial. Acid washing could help mitigate the formation of 

precipitates, thereby reducing the risk of bed compaction. 

4.3.5 Liquid-liquid membrane contactors performance in sidestream 

In this section, the findings from the two fully characterized experiments conducted prior to 

comprehensive testing of the liquid-liquid membrane contactors (LLMCs) are presented. These initial 

experiments aimed to validate the performance of the LLMCs and provide insights into the system's 

capabilities and limitations, laying the groundwork for further optimization of the process. 
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The results from these preliminary experiments are discussed in detail, highlighting key observations 

and trends in ammonia removal efficiency. By examining these outcomes, the effectiveness of the 

LLMCs can be better understood and it is possible to identify areas for potential improvements in the 

pilot plant setting. 

The evolution of N species in feed and fertilizer sides, for the first two experiments are presented in 

Figures 14 and 15. Moreover, a complete characterization is displayed in Tables 19 and 20. 

 

Figure 14 Evolution of N species in feed and fertilizer at 1.3 g N-NH4/L feed 

 

Figure 15 Evolution of N species in feed and fertilizer at 5.4 g N-NH4/L feed 
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Table 19 First LLMC experiment complete characterization. 

 Feed Fertilizer 

Parámetro Initial Final Final  

N-NH4 

(mg/L)  

1341 113 11464 

NO3- 

(mg/L) 

58,541 188,4 132155 

N-NO3 

(mg/L) 

13,2 42,5 29841 

Al (mg/L) 6,82 5,93 0,58 

As (mg/L) 0,02 0,02 <0,01 

Be (mg/L) <0,01 <0,01 <0,01 

Bi (mg/L) <0,01 <0,01 <0,01 

B (mg/L) 0,92 0,98 0,1 

Ca (mg/L) 1,23 1,31 32,61 

Cd (mg/L) <0,01 <0,01 <0,01 

Co (mg/L) 0,01 0,01 0,01 

Cr (mg/L) 0,01 0,01 0,63 

Cu (mg/L) 0,01 0,01 0,04 

Fe (mg/L) <0,01 <0,01 2,37 

K (mg/L) 219,02 216,2 57,13 

La (mg/L) <0,01 <0,01 <0,01 

Li (mg/L) 0,03 0,03 0,02 

Mg (mg/L) <0,1 <0,1 11,8 

Mn (mg/L) <0,01 <0,01 0,17 

Mo (mg/L) 0,01 0,01 0,02 

Na (mg/L) 7078,1 6142,5 1062 

Ni (mg/L) 0,02 0,03 0,31 

Pb (mg/L) <0,01 0,01 0,02 

P (mg/L) 2,8 2,84 0,72 

Rb (mg/L) 0,16 0,17 0,04 

Sb (mg/L) <0,01 <0,01 <0,01 

Se (mg/L) <0,01 0,01 0,1 

Si (mg/L) 99,09 121,9 6,02 

S (mg/L) 110,2 122 37,23 

Sr (mg/L) 0,32 0,29 0,55 

Ti (mg/L) <0,01 <0,01 0,01 

Tl (mg/L) 0,01 0,01 <0,01 

V (mg/L) <0,01 <0,01 <0,01 

Zn (mg/L) 0,01 0,01 2,58 

F- (mg/L) 0,481 0,605 0,333 

Cl- (mg/L) 250,1 285,3 105,3 
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NO2- 

(mg/L) 

<0,1 <0,1 <0,1 

Br- (mg/L) 2,552 <0,05 <0,05 

PO43- 

(mg/L) 

8,27 8,37 2,13 

SO42- 

(mg/L) 

330,60 366,00 111,69 

 

Table 20 Second LLMC experiment complete characterization 

 Feed Fertilizer 

Parameter Initial Final Final 

N-NH4 

(mg/L) 

5,41 1,32 43,67 

N-NO3 

(mg/L) 

9 113 93,811 

Al (mg/L) 0.01 <0.01 0.49 

As (mg/L) 0.01 <0.01 <0.01 

Be (mg/L) <0.01 <0.01 <0.01 

Bi (mg/L) <0.01 <0.01 <0.01 

B (mg/L) 0.34 0.37 0.12 

Ca (mg/L) 27.14 21.18 31.95 

Cd (mg/L) <0.01 <0.01 <0.01 

Co (mg/L) <0.01 <0.01 0.01 

Cr (mg/L) 0.01 0.01 0.29 

Cu (mg/L) 0.01 0.01 0.03 

Fe (mg/L) <0.01 <0.01 1.36 

K (mg/L) 132.58 141.78 29.96 

La (mg/L) <0.01 <0.01 <0.01 

Li (mg/L) 0.07 0.08 0.01 

Mg (mg/L) 12.10 1.16 7.13 

Mn (mg/L) 0.12 0.01 0.12 

Mo (mg/L) 0.01 0.01 0.04 

Na (mg/L) 4,979.70 8,190.60 996.80 

Ni (mg/L) 0.01 0.01 0.19 

Pb (mg/L) <0.01 <0.01 <0.01 

P (mg/L) 0.62 2.00 1.61 

Rb (mg/L) 0.07 0.09 0.02 

Sb (mg/L) <0.01 <0.01 <0.01 

Se (mg/L) <0.01 <0.01 0.01 

Si (mg/L) 11.23 8.41 3.23 

S (mg/L) 150.60 157.80 45.54 

Sr (mg/L) 1.12 0.78 0.37 

Ti (mg/L) <0.01 <0.01 0.01 

Tl (mg/L) 0.01 <0.01 <0.01 
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V (mg/L) <0.01 <0.01 <0.01 

Zn (mg/L) 0.06 0.01 4.00 

F- (mg/L) 0.20 <0.02 <0.02 

NO2- 

(mg/L) 

<0.1 <0.1 <0.1 

Br- (mg/L) <0.05 <0.05 <0.05 

PO4 

(mg/L) 

1.81 5.89 4.76 

SO4 

(mg/L) 

451.80 473.40 136.63 

 

All the experiments in this study were conducted using regenerant solution from zeolites at 4-5 g/L N-

NH4 (sidestream). However, the first experiment had an initial concentration of only 1.3 g/L N-NH4, as 

the solution was stored at pH 12 for an extended period, resulting in nitrogen losses due to ammonia 

gas release. Despite this ammonia loss, the first experiment achieved a removal rate of 91.6%. In the 

second experiment, with an initial N-NH4 concentration of 5.4 g/L, the removal rate reached 75.6%. 

Higher initial concentrations generally result in lower removal rates. 

For experiments 3-9, the feed side performance was monitored using kits, with a full characterization 

of the final product conducted at the end. The evolution of N-NH4 for these experiments can be seen 

in Figure 16. 

 

Figure 16 N evolution in the rest of the experiments 
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Table 21 Characterization for all the fertilizers produced 

Experiment 
Initial N (mg 

N-NH4/L)  

Final N (mg 

N-NH4/L)  

N removed 

(%)  

Operating 

time (h) 

1 1,34 113 91.6 20 

2 5,41 1,320 75.6 15 

3 3,99 369 90.8 21 

4 3,23 369 88.6 23 

5 4,06 138 96.6 70 

6 4,34 490 88.7 43 

7 4,00 250 93.8 46 

8 3,63 1,380 62.0 13 

9 3,84 470 87.8 60 

 

As shown in Table 21, ammonia removal reaches values of up to 96.6% of the ammonia in the feed 

after 70 hours of operation. Table 22 presents the composition of the produced fertilizers in terms of 

ammonium, nitrate, and total nitrogen content. Lastly, Tables 23 and 24 provide an overview of the 

ionic composition as well as organic micropollutants (OMPs) characterization of the produced 

fertilizers, respectively. 

Table 22 N composition of each fertilizer produced 

 N-NH4 (g/L) N-NO3(g/L) Nt (%) 

1 11.5 29.8 4.1 

2 43.6 93.8 13.7 

3 15.3 95.0 11.0 

4 8.2 65.8 7.4 

5 12.4 101.4 11.4 

6 14.4 140.5 15.5 

7 13.2 69.3 8.3 

8 18.4 148.0 16.6 

9 12.3 127.1 13.9 

 

Table 23 Ionic composition of each fertilizer 

HM (mg/L) Fert 1 Fert 2 Fert 3 Fert 4 Fert 5 Fert 6 Fert 7 Fert 8 Fert 9 

Al  0,02 <0,01 1,97 1,67 0,45 0,18 <0,01 0,66 1,96 

As  0,02 0,01 0,02 0,02 0,01 0,02 0,02 0,03 0,02 

Be  <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 

Bi  <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 

B  0,05 <0,01 0,02 0,08 0,05 0,04 <0,01 0,03 0,05 
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Ca  9,79 10,71 8,16 9,75 9,92 24,83 16,61 22,37 29,76 

Cd  <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 

Co  <0,01 <0,01 <0,01 <0,01 <0,01 0,01 <0,01 <0,01 <0,01 

Cr  <0,01 <0,01 0,09 0,05 0,08 0,15 0,01 0,08 0,05 

Cu  0,04 0,1 0,09 0,18 0,29 4,13 0,07 0,26 0,79 

Fe  0,05 0,01 1,92 0,3 0,44 3,72 0,05 0,4 0,54 

K  51,39 41,36 60,76 67,6 47,68 44,24 46,56 44,99 72,95 

La  <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 

Li  0,01 0,01 0,01 0,02 0,02 0,02 0,02 0,02 0,02 

Mg  2,09 2,59 2,84 2,93 2,72 7,79 3,57 7,85 6,72 

Mn  0,04 0,05 0,04 0,04 0,04 0,15 0,04 0,1 0,1 

Mo  0,02 0,09 0,05 0,02 0,02 0,04 0,04 0,01 0,07 

Na  3081,8 2462,5 3326,1 3940,9 3592,5 3224,7 3488,3 3391,6 4468,5 

Ni  0,03 0,06 0,03 0,03 0,05 0,17 0,02 0,06 0,04 

Pb  <0,01 <0,01 0,01 0,05 0,08 0,14 0,01 0,05 0,1 

P  0,27 0,16 1,12 2,01 2,14 6,17 2,22 2,27 7,34 

Rb  0,04 0,03 0,04 0,05 0,03 0,03 0,03 0,08 0,14 

Sb  <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 

Se  <0,01 <0,01 <0,01 <0,01 0,01 <0,01 <0,01 <0,01 0,01 

Si  10,93 6,46 13,13 24,3 27,66 18,66 17,76 12,16 30,89 

S  35,21 19,54 25,24 39,79 40,83 40,12 31,71 32,86 33,68 

Sr  0,16 0,15 0,11 0,16 0,13 0,42 0,32 0,4 0,58 

Ti  <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 

Tl  0,01 0,01 <0,01 <0,01 0,01 0,01 0,02 0,01 0,01 

V  <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 

Zn  0,18 0,4 0,15 0,54 0,85 3,41 0,11 0,95 1,86 

 

Table 24 OMP composition of each fertilizer 

OMP (ng/L) 
Zeolite 

concentarte 

Fert 

1 

Fert 

2 

Fert 

3 

Fert 

4 

Fert 

5 

Fert 

6 

Fert 

7 

Fert 

8 

Fert 

9 

Ciprofloxacin 705 44 130 21 34 20 16 46 <1,8 <1,8 

Sulfadiazine 4 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 5 

Oxytetracycline 697 <2,0 <2,0 <2,0 <2,0 <2,0 <2,0 <2,0 <2,0 <2,0 

Sulfamethoxazole <4,4 <4,4 <4,4 <4,4 <4,4 <4,4 <4,4 <4,4 <4,4 <4,4 

Azithromycin 146 <4,0 <4,0 <4,0 <4,0 <4,0 <4,0 <4,0 <4,0 <4,0 

Trimethoprim 23 <1,4 <1,4 <1,4 <1,4 <1,4 <1,4 <1,4 <1,4 <1,4 

Citalopram <1,8 9 10 <1,8 <1,8 <1,8 <1,8 11 9 14 

Fluoxetine <35,4 <35,4 <35,4 <10,6 <10,6 <10,6 <10,6 <35,4 <35,4 <35,4 

Diazepam <5,9 <5,9 <5,9 <5,9 <5,9 <5,9 <5,9 <5,9 <5,9 <5,9 

Carbamazepine <6,4 15 <6,4 <6,4 303 <6,4 <6,4 <6,4 <6,4 <6,4 
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Methiocarb <11,1 <11,1 <11,1 <11,1 14 <11,1 <11,1 <11,1 <11,1 <11,1 

 

Regarding the membrane performance, the pilot plant was designed with the capability of developing 

chemical cleanings to the membrane. However, after a whole year of operation, there was no 

necessity of developing any chemical cleaning. This is due to membranes were fed with clean water 

(tap water) used for the regeneration of the zeolites thus there was a very low fouling potential. This 

fact is reinforced by the fact that membranes were not meant to filter the water but only to allow the 

gas passage which reduce the clogging of the membrane pores. To keep the good performance of 

the membrane it was identified that the most important is to carry out a drying step between 

experiments. 

Vecino et al. [66] tested the same membranes with a similar initial concentration of 4 g N-NH4/L with 

both phosphoric and nitric, achieving 70-76% recovery with both acids in a single step and up to 93% 

recovery with phosphoric. 

Boehler et al. [114] conducted a pilot plant study on the removal of ammoniacal nitrogen from 

wastewater treatment plant effluent using a membrane contactor unit. The study employed three 

hollow fiber membrane contactors in series, with a total surface area of 120 m2, and flow rates ranging 

from 5 to 12 L/m2h. To remove ammoniacal nitrogen in the form of ammonium sulfate, a sulfuric acid 

solution was passed through the lumen side. The pH of the wastewater was adjusted to around 9.5 to 

convert the ammonium species to ammonia gas, resulting in removal values of 95% or greater when 

the ammonium-N content was between 700 and 3400 mg/L. The study showed that the inclusion of a 

CO2 stripper section reduced the cost associated with addition of sodium hydroxide to elevate solution 

pH. However, the study also noted that precipitates formed in the stripper sections, which could lead 

to equipment fouling and clogging. 

Norddahl et al. [132] also conducted a pilot plant study using a polypropylene hollow fiber membrane 

system to remove ammoniacal nitrogen from water. The study used water from either an anaerobic 

digester which was subsequently filtered by an ultrafiltration unit or a centrifuged sample from a sludge 

generated by a municipal solid waste treatment plant. The strip solution consisted of 1 wt/wt% sulfuric 

acid. The study found that pH values of 10 or greater resulted in substantial acceleration of the removal 

of ammoniacal nitrogen due to the almost total formation of free ammonia. 
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Ulbricht et al. [133] summarized the results from a commercially operating membrane contactor 

system located in Wuppertal, Germany. The study employed two membrane contactors in series, 

which treated between 5 and 10 m3/h of water containing 500–2000 mg/L ammonia at a temperature 

of 40–50°C and minimal levels of particulates. The feedwater was pH adjusted to 9 or greater, 

facilitating ammonia removal values of up to 95%. A common theme from the aforementioned pilot 

plant studies was the need to raise the feed solution pH to at least 9, and preferably 10, to convert the 

majority of ammonium ion to ammonia gas. 

To summarize, the pilot plant studies showed that membrane contactor technology is effective for the 

removal of ammoniacal nitrogen from wastewater treatment plant effluent and other sources of water. 

However, it requires the feed solution pH to be raised to at least 9, and preferably 10, to convert the 

ammonium species to ammonia gas. Additionally, the inclusion of a CO2 stripper section can reduce 

the cost associated with the addition of sodium hydroxide to elevate solution pH, but it can also lead 

to precipitate formation, which could cause equipment fouling and clogging. 

The results demonstrated the potential to achieve high removal rates in the membranes, with values 

reaching up to 96%. It is evident that dosing acid to maximize mass transfer results in a final product 

with a high nitrogen content. This product can be directly used as a fertilizer or as a raw material for 

fertilizer production. 

Upon examining the ionic characterization results, the impact of water transport becomes apparent. 

Each experiment began with 10 L of 0.4 M HNO3 in the acid side to initiate operation, after which the 

control loop added HNO3 (58%) to maintain a pH of 3.4. The dosed acid ranged from 12 to 15 L. 

Considering that each experiment produced 50 L of fertilizer, it can be concluded that each experiment 

experienced water transport of 20-25 L. As it has been reviewed in the literature research this is one 

of the main aspects in order to control the quality and the concentration of the fertilizer produced [134].  

The overall composition of organic micropollutants (OMPs) in the fertilizer remains undetectable 

despite water transport, ensuring its quality. This is supported by the presence of Ciprofloxacin and 

Oxytetracycline in the zeolites concentrate, but not in the fertilizer. Heavy metals appear in very low 

concentrations and are near the detection limit, while nutrient ions such as K, Mg, SO4, and Ca are 

present in certain concentrations. Sodium is the most significant ion, with concentrations of 3-4 g/L, 

attributed to the impact of water transport and high concentration of NaOH in the feed side. Spain's 
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fertilizers are regulated under Real Decreto 506/2013, which establishes maximum allowed limits for 

metals and other elements. When comparing the levels of metals in the provided table, it can be 

observed that aluminum, arsenic, cadmium, cobalt, chromium, copper, nickel, lead, and zinc in all 

fertilizers are below the maximum allowed limits. 

Considering these findings, it would be worthwhile to explore the use of alternative acids, such as 

sulfuric acid, to evaluate whether water transport can be reduced. Additionally, adjusting the pH from 

3 to 7 could potentially result in neutral solutions with the same molar concentrations of N-NH4 and 

N-NO3. Lastly, it would be interesting to consider lowering the NaOH concentration in the zeolites to 

reduce the sodium concentration in the LLMC feed solution, thus minimizing its passage with water. 

This approach could also decrease NaOH consumption and the NH3 losses associated with high pH. 

 Conclusions 

This study has demonstrated the potential of using zeolites for ammonium recovery in both 

mainstream and sidestream processes of wastewater treatment plants (WWTPs). The adsorption 

efficiency and capacity of the zeolites were compared under different operating conditions, revealing 

that sidestream treatment yielded better results due to higher ammonium concentrations. 

The pilot plant experiments showed that the cation exchange capacity (CEC) was significantly higher 

for sidestream treatment compared to mainstream treatment. With sidestream treatment, CEC values 

of around 20 mg N-NH4/g were achievable, while the lifespan of the zeolites was 4 cycles. Mainstream 

treatment, on the other hand, could produce effluents with less than 1 mg N-NH4/L, which is important 

considering the possibility of more stringent discharge limits in the future. 

Regeneration efficiency was found to be between 75% and 80% of the fed nitrogen, with the 

concentration factor being higher in mainstream treatment. However, due to the higher feed 

concentration in sidestream treatment, the final concentration of its regenerant solution was also 

higher, favoring subsequent valorization processes. 

The quality of the regenerant solution was assessed by analyzing heavy metals and organic 

micropollutants. Most heavy metals remained below detection levels, except for aluminum, which was 

attributed to partial dissolution of the zeolite due to the high pH of the regenerant stream. Organic 

micropollutants were generally detected below quantification levels, although some, like Celestolide 
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and Ibuprofen, were concentrated during the ion exchange process. 

Integration of zeolite regeneration with the LLMC system for fertilizer production appears to be a 

promising approach for wastewater treatment. The zeolite regeneration process effectively captures 

ammonia, producing a regenerant solution that can then be used as feed for the LLMC system to 

produce fertilizers. 

The preliminary experiments on the LLMC system show removal rates of up to 96.6% of the ammonia 

in the feed after 70 hours of operation. The produced fertilizers exhibit varied concentrations of 

ammonium, nitrate, and total nitrogen content, and also show varying levels of heavy metals and other 

contaminants. 

By combining the zeolite regeneration process with the LLMC system, an integrated approach for 

advanced wastewater treatment can be established. This approach can result in the production of 

valuable fertilizers, while simultaneously treating wastewater and reducing environmental pollution. 

Further research and optimization are needed to improve the efficiency and cost-effectiveness of this 

integrated system, but the initial results demonstrate its potential for application in wastewater 

treatment and resource recovery. 
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5 Chapter 5:  Life-cycle assessment and techno-economic 

evaluation of the value chain in nutrient recovery from wastewater 

treatment plants for agricultural application. 

 Introduction 

Wastewater treatment plants (WWTPs) typically consume large amounts of energy and chemicals to 

remove nitrogen and phosphorus from wastewater [135]. However, the removal of nutrients does not 

fit with the current context of sustainable development established by the United Nations. For this 

reason, novel technologies are being developed to maximize nutrient recovery and reduce the 

dependency to raw materials and fossil fuels needed for their production. Nutrient recovery would 

reduce the amount of natural gas needed for the production of nitrogen-based fertilizers through the 

conventional Haber-Bosch process and the dependency of non-renewable resources (e.g., phosphate 

rock) for their production [136]. In this regard, nutrient recovery technologies are expected to be pivotal 

processes to promote the conversion of WWTPs into biorefineries within a circular economy paradigm 

[137]. 

Nutrient recovery technologies are usually implemented in the sludge line of the WWTP, where higher 

concentrations of nitrogen and phosphorus can be found. Several technologies have been tested to 

recover nutrients from the sludge line, such as struvite crystallization [138], gas permeable membrane 

contactors [139], ion exchange [140], or membrane concentration processes [141]. For example, 

Bouzas et al. [138] recovered more than 85% of phosphorus in the form of struvite in a pilot-scale 

crystallizer. Boehler et al. [142] evaluated a pilot-scale membrane contactor system and reported 

ammonia recovery efficiencies above 90%. Wan et al. [140] adsorbed up to 94.1 and 98.3% of 

ammonium and phosphate, respectively, in a lab-scale ion exchange system. These studies show that 

these technologies can effectively recover nutrients and promote circular economy in WWTPs. 

However, further pilot-scale studies at higher Technology Readiness Level (TRL) and for the entire 

value chain are still necessary to evaluate the environmental and economic feasibility of implementing 

these novel technologies in a WWTP. 
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Life Cycle Assessment (LCA) is a comprehensive method to evaluate the potential environmental 

impacts associated with a product during its entire life cycle. LCA allows assessing the environmental 

sustainability of wastewater-based resource recovery alternatives and can be combined with other 

context-specific assessment techniques, such as life cycle costing and risk assessments [143]. This 

methodology is based on the standardized norm ISO 14040 and 14044  [144], [145] and allows 

evaluating different impact categories, such as global warming potential (GWP), eutrophication, 

acidification, ozone layer depletion or human toxicity, among others. LCA can be an important 

screening tool to understand how nutrients recovery implementation can improve the environmental 

prospect when compared with conventional technologies for fertilizers’ production. 

Some studies have conducted LCAs to evaluate the environmental impacts of recovering nutrients in 

a WWTP. Amann et al. [146] assessed the environmental impacts of 18 technologies to recover 

phosphorus from different WWTP streams (i.e., liquid streams, sewage sludge and sewage sludge 

ash) and producing different P-recovered products (i.e., CaP, Struvite, P-rich slag, Phosphoric acid). 

Guida et al. [147] conducted an LCA to find the optimum environmental scenarios for ammonium 

recovery using ion exchange zeolites. Sena et al. [148] evaluated how the implementation of a full-

scale struvite crystallizer impacted the overall environmental performance of a WWTP. However, the 

use of LCA together with other decision-making tools, such as techno-economic assessment (TEA), 

has been rarely reported in the literature to evaluate nutrient recovery in WWTPs, especially at TRL 

higher than 4. 

TEA is a methodology based on the calculation of the capital costs, operating costs and revenues 

associated with a product, technology or process, which allows determining the most important factors 

influencing its economic feasibility. TEA can be a useful method to understand how the application of 

novel technologies aimed at recovering valuable resources can influence the economic balance of 

future WWTPs [149]. Although TEA and LCA are different context-specific assessment techniques, 

combining them represents a reliable decision-making tool to evaluate different alternatives for 

nutrient recovery. 

The aim of this study is to evaluate the economic and environmental implications of implementing 

innovative technologies to recover nitrogen and phosphorus in a WWTP. In this context, the LIFE 

ENRICH project (LIFE Program) is proposed to implement the concept of circular economy through 

the demonstration of the entire value chain for the recovery of nutrients in urban wastewater treatment 
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plants and the validation of their agricultural performance in a real case study (end user). To this end, 

the LCA and TEA of a pilot-scale plant developed within the LIFE ENRICH project were conducted 

including the crop field application of the recovered fertilizers. The innovative pilot plant for nutrient 

recovery consisted in (i) struvite crystallization for phosphorus recovery and (ii) ion-exchange process 

combined with hollow fiber membrane contactor (HFMC) for nitrogen recovery. Additionally, the 

recovered fertilizers were used in agriculture and the real data obtained during their application were 

included in the evaluation. To the best of the authors’ knowledge, this is the first study in which both 

the environmental and economic implications of recovering nutrients using struvite crystallization, ion-

exchange and HFMC technologies for subsequent agricultural application is evaluated using real pilot-

scale data. Overall, this novel study provides a better understanding of the whole value chain of 

recovering nitrogen and phosphorus in WWTPs from a sustainability perspective. 

 Methodology 

5.2.1 Case study selection and description 

The nutrient recovery technologies proposed by the LIFE ENRICH process were implemented in the 

Murcia-Este WWTP (Figure 17). The initial configuration of this WWTP consists of (i) primary settling, 

(ii) biological removal of phosphorus, nitrogen and organic matter using an anaerobic–anoxic–oxic 

configuration (A2O), (iii) secondary settler and (iv) sludge line. The waste activated sludge (WAS), 

which is rich in P, is thickened and mixed with the primary sludge in a mixing chamber. The mixed 

sludge is introduced into the anaerobic digester, where the organic matter is bioxidized into methane-

rich biogas. Finally, polyelectrolyte is added and the digested sludge is dewatered to reach a final TSS 

concentration between 20 and 25% [150] . Further information about this WWTP can be found in 

Roldán et al. [150]. 

Pilot-scale prototypes were implemented in the Murcia-Este WWTP to evaluate the feasibility of 

recovering nitrogen and phosphorus in this WWTP (Figure 17). The nutrient recovery train is based 

on the implementation of a sludge line configuration, which allows the elutriation process of 

phosphorus. During the elutriation process, a liquid stream concentrated in phosphate is obtained, 

whereas the amount of phosphorus in the mixed sludge is reduced [150]. This allows reducing the 

uncontrolled precipitation of struvite in the anaerobic digester. The phosphate concentrated stream is 

merged with the anaerobic digester centrates and this flux is treated in a struvite crystallizer, where 

130



sodium hydroxide and magnesium chloride are added to adjust the pH and precipitate phosphorus as 

struvite crystals. The struvite crystals obtained could be applied either directly on the crop field or as 

precursors to produce other fertilizers. 

The struvite crystallizer effluent is fed to an ionic exchange process using zeolites, where sodium 

hydroxide is used to regenerate the exhausted zeolites (Figure 17). This process concentrates the 

ammonium into a highly basic stream, which is introduced into a HFMC. In the HFMC, ammonia gas 

diffuses from the feed solution to an acidic HNO3 solution, thus generating an ammonium nitrate 

solution suitable to be valorized as a fertilizer. 

The recovered struvite and ammonium nitrate were characterized to meet the legislative requirements 

for new fertilizing materials (EU 2019/1009). The recovered fertilizers were used as raw material for 

the manufacture of the optimal nutrient solution for fertigation (injection of water-soluble fertilizers into 

the irrigation system) of three species of horticultural crops. For this analysis, the tomato crop has 

been taken as a reference. The crop field application was carried out for tomato cultivation in a 200 

m2 passively ventilated greenhouse located in Cabrils (Barcelona, Spain). Further information on the 

crop field set-up and the data collected can be found in Carreras-Sempere et al. [151]. 
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Figure 17 Murcia-Este WWTP process configuration integrating struvite crystallisation, ion exchange and 

membrane contactor scheme for nitrogen and phosphorus recovery. HFMC: hollow fibre membrane 

contactor. 

5.2.2 Life cycle assessment 

LCA methodology was performed according to UNE-EN ISO 14040 and 14044 [144], [145] and was 

applied to evaluate the potential environmental impacts of recovering ammonium nitrate and struvite 

for subsequent application as fertilizers using innovative nutrient recovery technologies. The following 

sections describe the goal and scope, the life cycle inventory (LCI), and the life cycle impact 

assessment tools and methods used in the LCA. 

5.2.2.1 Goal and scope definition 

The main objective of the LCA is to evaluate the environmental performance of using a fertilizer 

solution containing the recovered ammonium nitrate and struvite when compared with the use of a 

conventional inorganic fertilizer solution. In this section, the scenarios, system boundaries and the 

functional unit (FU) considered for the LCA are described. 

Two scenarios were evaluated in the LCA: (i) the Baseline Scenario, which consists in the application 
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of a commercial solution of conventional fertilizers, and (ii) Scenario 1, which consists in the 

implementation of the LIFE ENRICH configuration aimed at recovering nitrogen and phosphorus 

fertilizers. Figure 18 shows the system boundaries and flows included in the Baseline Scenario and 

Scenario 1. 

Baseline Scenario: The Baseline Scenario considers the factors related to the agricultural crop 

application of a commercial solution based on monopotassium phosphate (MKP), 

potassium sulphate (K2SO4), nitric acid (HNO3) and calcium nitrate (Ca(NO3)2) 

(Figure 18). In this scenario, the system boundaries refer to the whole production 

process of these fertilizers, including the phosphate rock extraction in the case of P-

based fertilizers, and the Haber-Bosch process for the production of N-based 

fertilizers. 

Scenario 1: Scenario 1 considers the sludge line of the Murcia-Este WWTP after implementing 

nitrogen and phosphorus recovery technologies. The process for nutrients recovery 

and agricultural application involves five units, whose energy consumption and 

chemicals’ consumption were considered in the LCA (Figure 18). Detailed 

description of the sludge line, where the nutrient recovery technologies are 

implemented, can be found in Section 2.1. The struvite and ammonium nitrate 

recovered in the WWTP were applied in the crop field together with K2SO4 and 

Ca(NO3)2. The industrial processes to produce these fertilizers were included. Unlike 

the Baseline Scenario, MKP and HNO3 were not required for crop field application. 

In this scenario, the system boundaries included the processes that are related to 

the sludge line of the WWTP and the agricultural application of the recovered 

nutrients as fertilizers. Therefore, the water treatment line of the WWTP has been 

excluded out of the scope of this LCA. It is worth mentioning that the anaerobic 

digestion centrates would also be treated in the water line of the WWTP regardless 

of the nutrient recovery implementation. Finally, the electricity produced through the 

biogas generated in the anaerobic digester was considered to substitute the 

respective amount of energy needed from the grid. 

The fertilizers used in both scenarios were considered to cover the same fertilized area. For this 

reason, water supply, crop wastes and energy consumption for crop field application have not been 

133



included within the boundaries of the present study since they are expected to be similar for both 

scenarios.  

The FU has a large impact on the results of the LCA [148]Calculation of the net a reviewed 65 LCA 

studies, which considered the recovery of nutrients from wastewater for agricultural application. In the 

reviewed studies, the amount of wastewater treated, the amount of sludge disposed and the amount 

of nutrient recycled/removed were the three most common FUs. As a novelty, the present work 

compared the whole value chain of recovering nutrients from wastewater for crop field application 

(Scenario 1) with a business-as-usual option for crop field application (Baseline Scenario). For this 

reason, the selected FU was the area of soil fertilized (1 m2 of fertilized soil). 

 

Figure 18 Boundaries of the system for (top) baseline scenario and (bottom) Enrich scenario. 
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5.2.2.2 Life cycle inventory 

The life cycle inventory (LCI) input and output data of the nutrient recovery scenario was obtained 

from the mass and energy balances from Murcia-Este WWTP after nutrient recovery implementation. 

Table 25 shows the LCI data for both Baseline Scenario and Scenario 1. Detailed information 

regarding the internal fluxes between processes can be found in Mayor et al. [152]. The background 

inventory data for the chemicals and energy were obtained from Ecoinvent v3.6 database. 

Table 25 Life cycle inventory (LCI) regarding chemicals, electricity, zeolites, fertilizers, waste and 

recovered products considered for each scenario. 

    
Baseline 

Scenario 
Scenario 1 

Inputs 

Electricity 

AD+centrifuges kWh/m2 - 2.5×10-1 

Struvite crystallisation kWh/m2 - 1.1×10-1 

Nitrogen recovery kWh/m2 - 1.1×10-1 

Chemicals 

FeCl3 40% kg/m2 - 3.4×10-2 

Nitric acid 58% kg/m2 - 1.7×10-1 

NaOH 50% kg/m2 - 1.2×10-1 

Antifouling agent kg/m2 - 9.5×10-5 

Polyelectrolyte kg/m2 - 1.0×10-2 

MgCl2 kg/m2 - 8.6×10-3 

Zeolites Zeolite crystals kg/m2 - 1.5×10-1 

Fertilizers 

Calcium nitrate kg/m2 9.0×10-2 6.0×10-2 

Monopotassium phosphate kg/m2 1.1×10-1 - 

Nitric acid 58% kg/m2 2.8×10-1 - 

Potassium sulfate kg/m2 1.7×10-1 1.9×10-1 

Struvite kg/m2 - 1.5×10-1 

Ammonium nitrate 
kg 

N/m2 
- 5.4×10-2 

Outputs 

Waste Zeolite effluent kg/m2 - 1.5×10-1 

Energy and 

fertilizer 

recovery 

Electricity from biogas kWh/m2 - 1.1×100 

Struvite kg/m2 - 1.5×10-1 

Ammonium nitrate 
kg 

N/m2 
- 5.4×10-2 
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5.2.2.3 Life cycle impact assessment 

The classification and characterization stages of the life cycle impact assessment (LCIA) were 

conducted using the ReCIPe 2016 Midpoint Hierarchist (H) method and the OpenLCA v1.10.2 

software. The mid-point categories included in the LCIA were freshwater eutrophication (kg Peq), 

freshwater eco-toxicity (kg 1,4-DCB), stratospheric ozone depletion (kg CFC11eq), mineral resource 

scarcity (kg CUeq), global warming (kg CO2eq), fossil resource scarcity (kg oileq), terrestrial eco-toxicity 

(kg 1,4-DCB), terrestrial acidification (kg SO2eq), human carcinogenic toxicity (kg 1,4-DCB), land use 

(m2a cropeq) and water consumption (m3). 

5.2.3 Techno-economic assessment 

The TEA was conducted considering two different perspectives. On the one hand, the economic 

feasibility of implementing the nutrient recovery technologies developed within the LIFE Enrich project 

were evaluated from the WWTP’s perspective. On the other hand, the economic potential of using into 

agriculture the recovered fertilizers (in comparison with traditional fertilizers) were analyzed from the 

farmer’s perspective. 

The capital expenditures (CAPEX), operating expenditures (OPEX) and revenues influenced by the 

implementation of elutriation and nutrient recovery technologies were considered when evaluating 

WWTP’s economic perspective. The CAPEX comprised the construction and equipment costs 

concerning the elutriation, struvite crystallization and ammonium recovery processes, whereas the 

OPEX comprised the electricity consumption, chemicals’ consumption, zeolites’ consumption, sludge 

disposal and labor in the sludge line of the WWTP. The revenues comprised the struvite, ammonium 

nitrate and biogas produced in the WWTP. Detailed information on the CAPEX, OPEX and revenues 

used for this economic evaluation can be found in Mayor et al. [152]. 

The fertilizers needed for crop field application were considered when evaluating farmer’s economic 

perspective. Specifically, two different alternatives were compared: (i) Alternative A, where a 

commercial fertilizer composed of MKP, K2SO4, HNO3 and Ca(NO3)2 was applied to the crop field and 

(ii) Alternative B, where the recovered struvite and ammonium nitrate were applied to the crop field 

together with K2SO4 and Ca(NO3)2. 

The present value (PV) of the gross cost and revenues was calculated according to Eq. (8) and (9), 
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respectively. Subsequently, the net present value (NPV) was calculated by using Eq. (10). 

PVGC = CAPEX + ∑
OPEXt

(1+i)t
T
t=1                                                                                      Eq. (8)  

PVR = ∑
Rt

(1+i)t
T
t=1                                                                                                        Eq. (9) 

NPV = ∑
Rt−OPEXt

(1+i)t − CAPEXT
t=1                                                                                  Eq. (10) 

where PVGC is the PV of the gross cost (€), PVR is the PV of the revenues (€), NPV is the net present 

value (€), CAPEX is the capital expenditure (€), OPEXt is the operating expenditure at year t (€), Rt is 

the revenue at year t (€), T is the plant lifetime (20 years) and i is the discount rate (5%). 

 Results and discussion 

In this section, the environmental and economic results of recovering nutrients in a WWTP for 

subsequent agricultural application are shown and discussed. Firstly, the results between the 

comparison of the Baseline and Scenario 1 are presented in terms of LCA analysis. Second, an 

economic analysis is carried out to evaluate the economic feasibility of implementing the nutrient 

recovery technologies and using the recovered fertilizers into agriculture. 

5.3.1 Environmental performance of applying the recovered nutrients in agriculture 

The results of the midpoint impact categories for both scenarios (Baseline Scenario vs Scenario 1) 

are summarized in Table 26. The results show that Scenario 1 featured a lower environmental impact 

compared with the Baseline Scenario in most of the categories, such as stratospheric ozone depletion 

(39%), freshwater eutrophication (12%), global warming (24%), land use (41%), and water 

consumption (14%), among others. The lower impact can be attributed to the high consumption of 

chemical reagents (e.g., nitric acid) used in the Baseline Scenario to produce and manufacture the 

fertilizers. Accordingly, it is conceivable to state that using the recovered fertilizers (i.e. struvite and 

ammonium nitrate) for crop field application improves the environmental prospect when compared 

with the use of a commercial nutrient solution. These results agree with other studies, which reported 

improved environmental implications after implementing technologies for nutrient recovery [147], 

[153]. For example, Rufí-Salís et al. [153] observed that recovering struvite in the sludge line of a 
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WWTP using mainstream biological phosphorus removal had the potential to substantially reduce the 

net environmental in five of the six evaluated impact categories. Conversely, Scenario 1 featured a 

higher environmental impact in some categories, such as mineral resource scarcity (-34%), human 

carcinogenic toxicity (-17%) and freshwater ecotoxicity (-4%). The increase in the impact related to 

mineral resource scarcity can be attributed to the high consumption of chemicals needed in the ion 

exchange and HFMC systems to recover nitrogen in the sludge line of the WWTP. Freshwater 

ecotoxicity and human carcinogenic toxicity also feature higher impacts for Scenario 1 than the 

Baseline Scenario because of the higher consumption of nitric acid for nitrogen recovery and the 

impact associated with zeolite slurry disposal. 

Table 26 Midpoint impact categories evaluated for the Baseline Scenario and Scenario 1. The 

environmental impacts are referred to the FU (1 m2 of fertilized soil). 

Category 
Baseline 

Scenario 
Scenario 1 Unit 

Comparison 

(% savings from Scenario 1 

to Baseline Scenario) 

Freshwater eutrophication 3.3×10-4 2.9×10-4 kg P eq +12 % 

Freshwater Eco-toxicity 7.6×10-2 7.9×10-2 kg 1,4-DCB -4% 

Stratospheric ozone 

depletion 
2.7×10-5 1.6×10-5 kg CFC11 eq +39% 

Mineral resource scarcity 9.5×10-3 1.3×10-2 kg Cu eq -34% 

Global warming 1.5×100 1.1×100 kg CO2 eq +24% 

Fossil resource scarcity 2.5×10-1 2.1×10-1 kg oil eq +15% 

Terrestrial Eco-toxicity 2.6×100 2.4×100 kg 1,4-DCB +6% 

Terrestrial Acidification 1.0×10-2 4.5×10-3 kg SO2 eq +56% 

Human carcinogenic 

toxicity 
1.6×10-1 1.8×10-1 kg 1,4-DCB -17% 

Land use 4.4×10-2 2.6×10-2 m2a crop eq +41% 

Water consumption 2.2×10-2 1.9×10-2 m3 +14% 

 

Figure 19 illustrates the midpoint impact categories contribution (in relative terms) for the two 

scenarios under study. Regarding the Baseline Scenario, monopotassium phosphate and nitric acid 

were the most important environmental contributors in most of the evaluated categories. This 

highlights that using commercial nitrogen- and phosphorus-based fertilizers represents an important 

impact on the environment due to the high consumption of chemical reagents and energy needed for 
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their production. Interestingly, nitric acid accounted for 97% and 65% of the stratospheric ozone 

depletion and global warning impact categories, respectively. This can be attributed to potential 

emissions of nitrous oxide (N2O) during its production, which is a powerful greenhouse and ozone-

depleting gas [154]. Regarding Scenario 1, ammonium nitrate production (nitrogen recovery) 

represented the most important environmental contributor in nine of the evaluated categories (Figure 

19). The high environmental impact related to using the recovered ammonium nitrate in agriculture is 

caused by (i) the high consumption of chemical reagents (i.e., nitric acid and sodium hydroxide) 

needed in the ion exchange and HFMC stages and (ii) the relatively high energy consumption needed 

in the nitrogen recovery train. Similar to the outputs obtained by Högstrand et al.[155], these results 

highlight that the optimization in both energy and chemicals’ consumption is important to further 

improve the environmental prospect of the membrane contactor system. 
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Figure 19 Gross contribution of the midpoint impact categories (in relative terms) for the (A) Baseline 

Scenario and (B) Scenario 1. The contribution of the electricity produced from the biogas has not been 

included in the Figure. 
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5.3.2 Techno-economic assessment 

5.3.2.1 Economic balance of nutrient recovery and crop field application 

Figure 20A shows the economic balance of implementing elutriation, struvite crystallization and ion 

exchange + HFMC to recover nutrients in the sludge line of the WWTP. The implementation of these 

novel technologies allowed achieving a revenue from the value-added fertilizers produced (i.e. 

ammonium nitrate and struvite), which is an important implication to promote resource recovery and 

circular economy in future WWTPs. However, these revenues did not compensate the CAPEX and 

OPEX associated with their implementation, making the process economically unfavorable (negative 

NPV). This points out that the implementation of these nutrient recovery technologies would increase 

the treatment cost of the WWTP and, therefore, further improvements are needed to increase the 

efficiency of these technologies to reach a positive economic balance. It should be noted that this is a 

demonstrative study carried out within a European project on a pilot scale. If these technologies were 

scaled-up to an industrial level, the economic balance and environmental impacts would be lower than 

those obtained in this study. For example, the energy efficiency of the system would be better on an 

industrial scale, which would reduce the contribution of the electricity (12.9%) to the total cost of the 

system (see Figure 21A). Furthermore, the application of these nutrient recovery technologies has the 

potential to reduce the consumption of energy and chemicals in the water line of the WWTP, which 

could improve the economic balance of implementing these technologies [155]–[157]. Finally, it is 

worth mentioning that Figure 20A results did not include the economic implications of applying the 

recovered nutrients as fertilizers. For this reason, it is important to evaluate how the use of a fertilizer 

solution containing struvite and ammonium nitrate would influence the economics of crop field 

application (Figure 20B). 

The results showed that Alternative B featured a slightly lower gross cost than Alternative A for crop 

field application (Figure 20B). This implies that using a fertilizer solution containing struvite and 

ammonium nitrate is less costly than using a typical commercial solution. From these results, it is 

conceivable to state that the WWTP could have margin to increase the selling price of struvite and 

ammonium nitrate to improve its economic balance (see Section 3.2.3). Besides economic 

considerations, the recovery of phosphorus from wastewater is crucial to reduce the dependency of 

non-renewable phosphate rock, which is considered a Critical Raw Material by the European 

Commission [158] 

141



 

Figure 20 (A) Net present value, present value of the revenues and present value of the gross cost for the 

sludge line of the WWTP after implementing elutration, struvite recovery and ammonium nitrate recovery 

(WWTP’s perspective). (B) Present value of the gross. 
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5.3.2.2 Gross cost contribution 

Figure 21 shows the gross cost distribution of the WWTP after implementing elutration and nutrient 

recovery technologies. The consumption of chemicals accounted for 30 % of the gross cost and was 

the most important cost contributor (Figure 21A). The high consumption of chemicals is mainly 

attributed to (i) the nitric acid needed to recover nitrogen through HFMC, (ii) the sodium hydroxide 

needed for pH adjustment and zeolites regeneration and (iii) the polyelectrolyte required to improve 

digested sludge dewaterability. Sludge disposal also featured an important impact on the economic 

balance since this accounted for 20 % of the gross cost. This agrees with previous publications, which 

reported that sludge disposal represents a high fraction of the sludge line treatment costs [159], [160]. 

Finally, it is worth mentioning that the total capital costs (struvite crystalliser, zeolites, HFMC and 

elutriation tanks) did not account for more than 25 % of the gross cost (Figure 21A). This points out 

that the operating costs have a larger influence on the implementation of these technologies in the 

sludge line of the WWTP.  

 

Figure 21 Gross cost distribution of the WWTP after implementing elutration, struvite recovery and 

ammonium nitrate recovery for (A) the different capital and operating costs and (B) processes. 

 

Nutrient recovery technologies (struvite recovery + nitrogen recovery) represented a higher gross cost 

contribution (61.7 %) than the other processes of the sludge treatment line (38.3 %). These results 

highlight that their implementation in a WWTP can substantially increase the gross cost of the sludge 

line. However, the implementation of these technologies has the potential (i) to generate a revenue 

from the added-value fertilizer produced, (ii) to reduce the backload of nutrients in the water line and 

(ii) to reduce the nitrogen and phosphorus concentration in the WWTP effluent [157], [161], [162]. 
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Interestingly, the gross cost contribution of nitrogen recovery (37%) was higher than struvite recovery 

(25%). This can be mainly attributed to: (i) the high consumption of sodium hydroxide and zeolites for 

the ion exchange system, (ii) the high consumption of nitric acid and sodium hydroxide in the HFMC 

system and (iii) the low consumption of MgCl2 needed for struvite crystallization due to the high initial 

magnesium concentration (c.a. 80 mg/L) in the crystallizer influent. Nevertheless, the amount of 

ammonium nitrate recovered (c.a. 5300 kg/d) was higher than the amount of struvite recovered (c.a. 

3015 kg/d), which leads to an improved profitability for the nitrogen recovery stage. 

5.3.2.3 Sensitivity analysis 

Figure 22A shows the sensitivity analysis for a ± 30% variation of the most relevant input parameters 

of the economic analysis. The chemical cost variation was the most sensitive economic parameter to 

recover nutrients in the WWTP. This output reinforces the idea that optimizing the consumption of 

chemicals is crucial to improve the economic prospect of implementing ion exchange + HFMC and 

struvite crystallization for nutrients recovery. The revenue achieved from ammonium nitrate 

commercialization was the second most sensitive economic parameter. This is an important 

implication because it demonstrates that future increments in the fertilizer cost can make the 

implementation of nutrient recovery technologies economically feasible. For this reason, an additional 

sensitivity analysis was conducted to understand how the potential increase in the cost of the 

recovered fertilizers could affect the economic prospect of both WWTP and crop field application 

(Figure 22B). 
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Figure 22 (A) Sensitivity analysis for a ± 30% variation of the most relevant parameters to implement 

elutration, struvite recovery and ammonium nitrate recovery in the WWTP. (B) Sensitivity analysis for an 

increase of the recovered fertilizer cost (i.e. struvite and ammonium nitrate costs) for both WWTP and crop 

field application. The arrows indicate the y-axis corresponding to each data series of the Figure. WWTP: 

wastewater treatment plant; NPV: net present value. 

 

The NPV of the nutrient recovery system increased from -10,000,000 to +5,000,000 € as the cost 

increment of fertilizers (ammonium nitrate + struvite) increased from 0 to 100%, respectively (light blue 

line). The results also illustrate that the implementation of elutriation, struvite recovery and ammonium 

nitrate recovery in a WWTP would be economically feasible (positive NPV) if the cost of fertilizers 

increases 66%. This means that the ammonium nitrate and struvite costs should increase up to 0.68 
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and 0.58 €/kg, respectively. In this regard, it is conceivable to consider that the cost of fertilizers could 

increase in the future as a result of the progressive increase in the electricity prices[163], [164]. 

Accordingly, these results would demonstrate that implementing nutrient recovery technologies has 

the potential to improve the economic balance of the WWTP. However, increasing 66% the cost of 

fertilizers would make the gross cost of Alternative B (blue line) higher than Alternative A (dark blue 

line) for crop field application. These results show that future increments in the cost of conventional 

fertilizers and further optimization of the nutrient recovery scheme would be needed to make the 

resource recovery configuration economically feasible from both WWTP and farmer points of view. 

 Conclusions 

The present research investigated the economic and environmental implications of recovering 

nitrogen (ammonium nitrate) and phosphorus (struvite) in a WWTP for their subsequent application in 

agriculture using real pilot-scale data. The LCA results showed that using a fertilizer solution 

containing the nutrients recovered in the WWTP was environmentally better than using a synthetic 

fertilizer solution in most of the evaluated impact categories. These results highlight that using 

recovered fertilizers features a lower environmental impact than conventional nitrogen-and 

phosphorus-based fertilizers. Ammonium nitrate represented the most important environmental 

contributor, which can be mainly attributed to the high consumption of nitric acid and sodium hydroxide 

in the ion exchange and HFMC stages needed for its production. The TEA illustrated that the revenues 

achieved from the commercialization of the recovered fertilizers did not offset the extra costs for their 

implementation. This can be attributed to the high consumption of chemicals, which represented 30% 

of the gross cost. However, the sensitivity analysis revealed that future increments of 66% in the 

selling price of ammonium nitrate and struvite could make the implementation of the nutrient recovery 

scheme economically feasible in a WWTP. Overall, the results of this study results demonstrate that 

future full-scale application of struvite crystallization, ion exchange and LLMC has the potential to be 

an economically and environmentally attractive option for nutrient recovery. 
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6 Chapter 6: Discussion of the results 

The novelty and the scientific and technological outcomes of this thesis relies in its contribution 

to the demonstration at industrial pilot scale of advanced N recovery schemes and its economic 

assessment. The work developed aids to promote new routs of N valorization rather than its current 

removal routes and contributing to unlock technical and economic barriers in its full-scale 

implementation. 

Taking these aspects into consideration, this thesis aimed to conduct a comprehensive analysis 

of the N flows in Spain (Chapter 3), with a particular focus on WWTPs. Within this context, a 

new innovative treatment method was proposed and tested at a pilot scale (Chapter 4) to explore 

novel pathways for N recovery and valorization. Presently, the N is removed and lost as N2, 

leading to a significant loss of potential. 

Notably, this research goes beyond evaluating the technical performance of the alternative 

treatment approach; it also considers the entire value chain associated with the process. To 

achieve this, LCC and LCA tools were employed (Chapter 5). 

The comprehensive investigation of the integrated process and the value chain has shed light 

on valuable insights and conclusions, which are detailed in the subsequent sections of this 

thesis along with a final outlook. These findings hold great significance in terms of identifying 

more sustainable and efficient approaches for N management in Spain, contributing to the 

broader field of environmental science and sustainable resource utilization. 

 National management of N flows 

Overall, the NFA results provide valuable insights into Spain's N balance, emphasizing the need for 

sustainable N management strategies to mitigate environmental impacts and ensure resource 

efficiency. In 2016, a total of 2142 ktN entered the system within Spain's geographical boundaries, 

while 971 ktN left the country. Fertilizers, food, and feed account for 89% of the annual N flows entering 

Spain. The largest proportion of N losses was associated with air emissions from agriculture and 

industry. Results highlight the dependence on products with high N content from third markets. 

Regarding subsystems, the following were considered for calculations: agriculture, households, 
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industry, transport, waste management, and water bodies. The two most relevant stocks identified 

within these subsystems are agricultural land and water bodies. 

The NFA reveals that in 2016, Spain had a N budget of 913 kt N/y (dStock) when considering only the 

accumulation for that specific year. This N accumulation can be attributed to various sectors, including 

agriculture (132 kt N/y), water bodies (779 kt N/y), and dumpsters (2 kt N/y). It is important to note that 

N also accumulates in soil, forests, groundwater, and landfills. Given the high N accumulation, there 

is a clear dependence on international products with a significant N content. 

Among the imports, fertilizers were the largest flow, followed closely by fuels and food. The import of 

fertilizers plays a critical role in meeting the N demand in Spain. On the other hand, exports have a 

minimal influence on the national N budget, with the most significant export flow being fertilizers with 

284 kt N/y. This suggests that Spain is primarily a net importer of N related products. 

Understanding the N budget and the flow of N within the country is essential for effective N 

management and addressing potential environmental impacts. By analyzing these flows, 

policymakers and stakeholders can identify areas where improvements can be made, such as 

promoting more sustainable agricultural practices and reducing reliance on N intensive imports. 

However, the proportions change when it comes to exports. Among the exported goods, the three 

aforementioned categories still represent a significant portion, accounting for 62% of the exported N. 

One noteworthy distinction between exports and imports is the amount of non-food N traded to other 

countries compared to the amount acquired by Spain. Spain exports more than twice the amount of N 

it imports, indicating a net exporter of non-food N. 

These findings highlight the importance of the food industry and agricultural practices in Spain's N 

flows. It emphasizes the need for sustainable N management strategies to minimize environmental 

impacts and ensure resource efficiency in the food production and agricultural sectors. 

Understanding the balance between N imports and exports is crucial for assessing Spain's N self-

sufficiency and its role in the global N cycle. It provides valuable insights into the country's reliance on 

N intensive products and the potential environmental consequences associated with N-related trade. 

Regarding the waste management system, WWTPs play a significant role in the management of urban 
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wastewater, including the treatment of both urban and industrial wastewater, particularly in large 

metropolitan areas. This wastewater is known to have a high N content, primarily due to the 

contribution of urea from human excretion. WWTPs are commonly identified as secondary sources 

with great potential for implementing material recovery strategies, particularly for nutrient cycles such 

as N and P. 

The effluents from WWTPs also hold considerable potential for resource recovery due to their large 

volume and relatively low concentration of total N, ranging from approximately 15 to 60 g N/m3. 

Consequently, reducing the N concentration in WWTP effluents, especially for water treatment plants 

already employing tertiary treatment, can be a costly management option. Additionally, the volume of 

generated biosolids is typically smaller than that of the treated water, but they have a significantly 

higher N concentration, around 6 to 7 times greater than the water, averaging about 70 to 80 g N/kg. 

The agricultural valorization of more than 75% of these biosolids has had a positive impact, resulting 

in the recovery of approximately 86 kt N as organic fertilizers. However, concerns exist regarding the 

efficient utilization of these organic fertilizers by crops, similar to agricultural waste. Future options 

include promoting the recovery of reactive N as NH3 or liquid fertilizers. 

In Spain, landfills and incineration are widely used waste management options. However, in terms of 

N flows, they do not contribute significantly, except for the emissions to the atmosphere resulting from 

waste incineration, which amount to 11 kt N. 

In summary, WWTPs have emerged as crucial players in the treatment of urban and industrial 

wastewater, providing opportunities for material recovery strategies, especially for nutrient cycles such 

as N and P. Efforts to reduce N concentrations in WWTP effluents can be costly, and biosolids, which 

contain a higher N content, are being largely valorized in agriculture. However, further exploration of 

efficient utilization methods and alternative N recovery options, such as NH3 or liquid fertilizers, can 

enhance the sustainability of these practices. While landfills and incineration are common waste 

management approaches in Spain, their N related contributions are relatively minor, with waste 

incineration being associated with atmospheric N emissions. 
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 N recovery and valorization as fertilizers 

The N recovery was assessed by means of ion exchange with zeolites coupled with LLMCs. There 

was an initial optimization of the zeolites at lab scale, then the technology was scaled at pilot scale to 

be tested along with the LLMCs.  

The key findings at lab scale are the following: 

The efficiency of N recovery showed no significant differences across various operating conditions, 

except for the adsorption flowrate of 10 BV/h and a regeneration flowrate of 2 BV/h, which resulted in 

approximately 6% higher recovery. However, the flowrate directly affects the capacity of zeolites. 

Selecting a feed flowrate of 10 BV/h enabled achieving exchange capacities for ammonium of 9.8-9.9 

mg N-NH4/mg of zeolites, which directly impacts operating costs. Therefore, for regeneration, a 

flowrate five times lower than the feed is preferred to maximize recovery. 

The hydraulic retention time (HRT) also plays a crucial role in the operating capacity for ammonium 

exchange when filtering wastewater through a zeolite packed column. In this study, HRTs ranging 

from 7 to 13 min were tested, and it was observed that there were no significant differences within this 

range. From 5 minutes onward, approximately 80% of the N was extracted. Based on the experiments 

conducted, the optimal mean HRT value is around 10 min. 

The optimization of regeneration processes showed that successful ammonium recovery can be 

achieved by introducing sodium ions through NaOH, NaCl, or a combination of both, as revealed by 

batch desorption tests. Concentrations of NaOH at 0.5 M, NaOH at 0.1 M, and NaCl at 20 g/L resulted 

in 90% N recovery. While NaOH at 0.5 M displayed more consistent results, potentially due to the pH 

increase, the optimal regenerant solution was found to be a mixture of NaOH at 0.1 M and NaCl at 20 

g/L, primarily due to its lower cost. The cost of NaOH at 0.5 M was 3 €/kg N recovered, whereas the 

cost reduced to 1.5 €/kg N recovered with the combination of NaOH at 0.1 M and 20 g/L of NaCl. 
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The performance of zeolites in ammonium recovery was evaluated through a pilot plant operating in 

both mainstream and sidestream processes of WWTPs. A comparison was made based on the 

adsorption efficiency and capacity of zeolites under different operating conditions. 

It was observed that the adsorption efficiency of zeolites in mainstream processes was generally lower 

compared to sidestream processes. This can be attributed to the lower ammonium concentrations 

typically found in mainstream wastewater. In contrast, sidestream processes exhibited higher 

ammonium concentrations, leading to increased cation exchange capacity (CEC) of the zeolites. 

The CEC was significantly influenced by the treatment of sidestream compared to mainstream. CEC 

values of around 20 mg N-NH4/g was achieved in sidestream treatment, which is a crucial factor to 

consider when scaling up the technology. In mainstream treatment, the highest CEC value reached 

was 5.3 mg N/g. 

The lifespan of the zeolites regenerated with NaOH in this study was found to be four cycles. 

Maintaining the zeolite's exchange capacity during the regeneration process is essential for 

sustainable operation. However, a concrete number of cycles for the lifespan of zeolites regenerated 

with NaOH was not determined. 

In mainstream treatment, effluents with ammonium concentrations below 1 mg N-NH4/L can be 

achieved, which is important for meeting stricter discharge limits in sensitive areas. Zeolites in 

sidestream treatment can produce effluents with concentrations lower than 150 mg N-NH4/L, leading 

to a direct reduction in energy consumption for biological removal processes. 

Regarding regeneration, the concentration factor was higher in mainstream treatment compared to 

sidestream treatment. However, due to the higher feed concentration in sidestream, the final 

concentration of the regenerant solution was also higher, which favors subsequent valorization 

processes. Generally, with a feed concentration of 50 mg N-NH4/L, a concentration of 1 g N-NH4/L 

can be achieved, while a concentration of up to 4000 mg N-NH4/L is possible with a feed concentration 

of 800 mg N-NH4/L. 

The efficiency of N recovery ranged between 75% and 90% of the fed N. However, to understand the 
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excess N found in the regenerations in the sidestream, further analysis of the accumulated N 

throughout the different cycles is necessary to obtain the overall recovery value of 80-84%. 

In terms of quality, heavy metals were not concentrated by the zeolites, and their levels remained 

below detection limits, except for aluminum. The presence of aluminum at 0.28 mg/L and 12.75 mg/L 

in the regenerant stream from mainstream and sidestream, respectively, can be attributed to the partial 

dissolution of zeolites caused by the high pH of the regenerant stream. All parameters comply with 

current legislation considering thresholds established for sewage sludge and fertilizers. 

For organic micropollutants, most of them were detected below quantification levels in the regenerant 

for both mainstream and sidestream processes. However, the ion exchange process seemed to 

concentrate certain micropollutants, such as Celestolide and Ibuprofen due to the sorption properties 

of the zeolite microstructure. On the other hand, other micropollutants like Sulfamethoxazole, 

Trimethoprim, and Citalopram were reduced to minimal levels or even below the quantification 

threshold. 

Regarding the operation of the LLMCs, all the experiments were conducted using regenerant solution 

from zeolites at 4-5 g/L N-NH4 (sidestream). However, the first experiment had an initial concentration 

of only 1.3 g/L N-NH4, as the solution was stored at pH 12 for an extended period, resulting in N losses 

due to ammonia gas release. Despite this ammonia loss, the first experiment achieved a removal rate 

of 91.6%. In the second experiment, with an initial N-NH4 concentration of 5.4 g/L, the removal rate 

reached 75.6%. Higher initial concentrations generally result in lower removal rates. 

In summary, the pilot plant studies demonstrated the effectiveness of membrane contactor technology 

for removing ammoniacal N from wastewater treatment plant effluent and other water sources. 

However, it is important to raise the feed solution pH to at least 9, preferably 10, to convert ammonium 

species to ammonia gas. The addition of a CO2 stripper section can help reduce costs associated with 

using sodium hydroxide to elevate solution pH, but it may also lead to precipitate formation, potentially 

causing equipment fouling and clogging. 

The results showed the potential to achieve high removal rates in the membranes, with values 

reaching up to 96%. It was evident that dosing acid to maximize mass transfer resulted in a final 
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product with a high N content. This product can be directly used as a fertilizer or serve as a raw 

material for fertilizer production. 

By examining the variation of the water composition of the LLMC streams over the operation time, the 

impact of water transport became apparent. Each experiment started with 10 L of 0.4 M HNO3 on the 

acid side to initiate operation, and then HNO3 (58%) was added through the control loop to maintain 

a pH of 3.4. The amount of acid dosed ranged from 12 to 15 L. Considering that each experiment 

produced 50 L of fertilizer, it can be concluded that water transport of 20-25 L was experienced in 

each experiment. 

Controlling the quality and concentration of the fertilizer produced is a critical aspect, as highlighted in 

the existing literature. It is essential to ensure that the overall composition of organic micropollutants 

(OMPs) in the fertilizer remains undetectable, even considering water transport, thereby guaranteeing 

its quality. This is supported by the absence of Ciprofloxacin and Oxytetracycline in the fertilizer while 

being present in the zeolites concentrate. The presence of heavy metals is negligible, with 

concentrations near the detection limit, whereas nutrient ions such as K, Mg, SO4, and Ca are present 

in specific concentrations. Na stands out as the most significant ion, with concentrations of 3-4 g/L, 

which can be attributed to the influence of water transport and the high concentration of NaOH in the 

feed side. In Spain, the regulation of fertilizers is governed by Real Decreto 506/2013, which sets 

maximum allowable limits for metals and other elements. Comparing the metal levels presented in the 

provided table, it is evident that aluminum, arsenic, cadmium, cobalt, chromium, copper, nickel, lead, 

and zinc in all fertilizers are below the maximum allowable limits. 

Integration of zeolite regeneration with the LLMC system for fertilizer production appears to be a 

promising approach for wastewater treatment. The zeolite regeneration process effectively captures 

ammonia, producing a regenerant solution that can then be used as feed for the LLMC system to 

produce fertilizers. 

 Life Cycle analysis of the whole value chain 

To close the entire value chain, a comprehensive study was conducted to explore the economic and 

environmental implications of recovering N (in the form of ammonium nitrate) and P (in the form of 
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struvite) from a WWTP for subsequent use as fertilizers in agriculture. The study employed a LCA to 

compare two scenarios: the Baseline Scenario, where conventional commercial fertilizers were used, 

and Scenario 1, which involved implementing the LIFE ENRICH configuration to recover N and P 

fertilizers. 

The findings indicate that Scenario 1, which involves the use of recovered fertilizers (struvite and 

ammonium nitrate) for crop field application, resulted in a lower environmental impact compared to 

the Baseline Scenario in various categories. Notably, there were significant reductions in stratospheric 

ozone depletion (39%), freshwater eutrophication (12%), global warming (24%), land use (41%), water 

consumption (14%), and other impact categories. The lower environmental impact can be attributed 

to the decreased reliance on chemical reagents, such as nitric acid, which are extensively used in the 

Baseline Scenario for fertilizer production. Therefore, it can be concluded that the adoption of 

recovered fertilizers for crop field application offers an improved environmental outlook compared to 

the utilization of commercial nutrient solutions. 

In contrast, Scenario 1 demonstrated a higher environmental impact in certain categories, including 

mineral resource scarcity (-34%), human carcinogenic toxicity (-17%), and freshwater ecotoxicity (-

4%). The increased impact related to mineral resource scarcity can be attributed to the substantial 

consumption of chemicals in the ion exchange and LLMC systems used to recover N in the sludge 

line of the WWTP. Similarly, the higher impacts of freshwater ecotoxicity and human carcinogenic 

toxicity in Scenario 1 compared to the Baseline Scenario are a result of the elevated consumption of 

nitric acid for N recovery and the environmental impact associated with the disposal of zeolite slurry. 

The use of commercial N and P based fertilizers has a significant impact on the environment due to 

the extensive consumption of chemical reagents and energy required for their production. It is 

noteworthy that nitric acid, a key component in the production of these fertilizers, accounted for 97% 

of the stratospheric ozone depletion and 65% of the global warming impact categories. This is primarily 

attributed to the potential emissions of nitrous oxide (N2O) during the production of nitric acid, as N2O 

is a potent greenhouse gas and ozone-depleting substance. In the case of Scenario 1, which involves 

N recovery through ammonium nitrate production, this process emerged as the most significant 

environmental contributor across nine of the evaluated impact categories. 

159



The successful implementation of these innovative nutrient recovery technologies, leading to the 

production of value-added fertilizers such as ammonium nitrate and struvite, has significant 

implications for promoting resource recovery and circular economy in future WWTPs. However, 

despite the revenue generated from these fertilizers, the costs associated with their implementation, 

including both capital expenditure (CAPEX) and operational expenditure (OPEX), outweigh the 

financial benefits, resulting in a negative net present value (NPV). This highlights the need for further 

advancements and improvements in the efficiency of these technologies to achieve a positive 

economic balance.  

It is important to note that this study was conducted at a pilot scale within the scope of a European 

project. If these technologies were to be scaled up to an industrial level, it is expected that the 

economic balance and environmental impacts would be more favorable compared to the results 

obtained in this study. For instance, the energy efficiency of the system would likely improve on an 

industrial scale, reducing the contribution of electricity costs, which accounted for 12.9% of the total 

system cost in this pilot-scale demonstration. Furthermore, the application of these nutrient recovery 

technologies has the potential to reduce the consumption of energy and chemicals in the water line of 

the WWTP, which could improve the economic balance of implementing these technologies. Finally, 

results also showed that using a fertilizer solution containing struvite and ammonium nitrate is less 

costly than using a typical commercial solution.  

Based on these findings, it is reasonable to suggest that the WWTP has the potential to increase the 

selling price of struvite and ammonium nitrate in order to enhance its economic. In addition to the 

economic benefits, the recovery of P from wastewater plays a vital role in reducing the reliance on 

non-renewable phosphate rock. It is worth noting that phosphate rock is classified as a Critical Raw 

Material by the European Commission, underscoring the importance of P recovery as a sustainable 

solution for resource management. 

The conducted sensitivity analysis examined the impact of a ±30% variation in the most significant 

input parameters on the economic analysis. The results highlighted that the cost of chemicals had the 

highest sensitivity among the economic parameters related to nutrient recovery in the WWTP. This 

emphasizes the critical importance of optimizing the chemical consumption to enhance the economic 
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feasibility of implementing ion exchange + LLMC and struvite crystallization for nutrient recovery. 

Furthermore, the revenue generated from the commercialization of ammonium nitrate was identified 

as the second most sensitive economic parameter. This finding carries significant implications, as it 

indicates that potential increases in the cost of fertilizers could contribute to the economic viability of 

nutrient recovery technologies. To further explore this aspect, an additional sensitivity analysis was 

conducted to assess how potential cost increments in the recovered fertilizers could affect the 

economic outlook for both the WWTP and crop field application. This analysis provides valuable 

insights into the potential economic benefits of implementing nutrient recovery technologies and helps 

inform decision-making processes in both the wastewater treatment and agricultural sectors. 

The sensitivity analysis examined the economic prospect of implementing elutriation, struvite 

recovery, and ammonium nitrate recovery in a WWTP while varying the cost of fertilizers. The results 

indicate that the implementation would be economically feasible, with a positive NPV, if the cost of 

fertilizers increases by 66%. Specifically, the cost of ammonium nitrate should increase to 

approximately 0.68 €/kg, while the cost of struvite should increase to around 0.58 €/kg. 

To illustrate this, a cost increment of up to 5,000,000 € was considered, representing a range of 0% 

to 100% cost increase for fertilizers (ammonium nitrate and struvite). The results, depicted by the light 

blue line, demonstrate that the economic feasibility (positive NPV) is achieved when the cost of 

fertilizers rises by 66%. 

It is important to note that the cost of fertilizers may increase in the future due to factors such as the 

progressive rise in electricity prices. Considering this potential scenario, the findings suggest that the 

implementation of nutrient recovery technologies in the WWTP would still remain economically 

attractive and viable. 

Overall, these results provide valuable insights into the economic implications of implementing nutrient 

recovery technologies, highlighting the potential for economic feasibility even with increased fertilizer 

costs. This information can support decision-making processes and encourage further exploration of 

sustainable solutions in wastewater treatment and agriculture. 
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7 Chapter 7: Conclusions and outlook 

 Conclusions 

According to United Nations projections, the global population is expected to reach 8.6 billion by 2030 

and 9.8 billion by 2050. This increase in population, coupled with rising consumption levels, exerts 

significant pressure on the food industry to enhance its production capabilities. Meeting this growing 

demand necessitates intensified agricultural practices, which in turn leads to heightened usage of 

land, water, energy, and fertilizers. Consequently, there is a projected surge in the demand for plant 

nutrients. The current agricultural system heavily relies on non-renewable mineral fertilizers, 

comprising N, P, K, and Mg. These fertilizers serve as the foundation of modern agricultural practices. 

As it has been pointed out in Chapter 1 there is an increasing need to recover nutrients and further 

valorize them through different routes in order to increase the circularity of the territory in order to 

reduce the external dependence as well as reduce the overall carbon footprint. This can be achieved 

through the production of fertilizers produced from the nutrients recovered. For this reason, the results 

of this thesis are structured in 3 different papers (Chapter 3,4, and 5). The first one focuses on mapping 

the flows of N along the whole country to assess potential improvements and identify the best recovery 

spots. The results of the first publication revealed that WWTP are really good spots with lots of 

potential for nutrients recovery, that is way a N recovery technology has been tested at pilot scale in 

VNG WWTP and Murcia ESTE WWTP (Spain). Finally, to assess the overall impact an LCC/LCA of 

the whole value chain was developed. Technologies such as struvite crystallization and ion exchange 

coupled with LLMC proved to be technically viable to recover and valorize N and P as fertilizers. Using 

a fertilizer solution containing the nutrients recovered in the WWTP was environmentally better than 

using a synthetic fertilizer solution in most of the evaluated impact categories. This fact highlights that 

using recovered fertilizers features a lower environmental impact than conventional N and P based 

fertilizers. From the economic point of view the revenues achieved from the commercialization of the 

recovered fertilizers did not offset the extra costs for their implementation in the current market and 

legal framework. However, changes in the current legal framework or possible shifts in the market 

derived from socio-political events can lead to a 66% increase in the selling price of ammonium nitrate 

and struvite. This increase would make the implementation of the nutrient recovery scheme 
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economically feasible in WWTPs. Overall, the future full-scale application of struvite crystallization, 

ion exchange and LLMC has the potential to be an economically and environmentally attractive option 

for nutrient recovery. 

Regarding the N management in Spain prioritizing biological treatment as the primary end-of-life 

scenario for compostable goods would be the most effective strategy to minimize N wastage into the 

environment, specifically in the atmosphere, water bodies, or soil. By avoiding incineration as an end-

of-life scenario, it is estimated that approximately 11 kt of N per year could be prevented from reaching 

the atmosphere. 

It is highly recommended to increase the adoption of circular strategies within the territory. One 

significant aspect of this strategy involves recovering nutrients present in wastewater and transforming 

them into fertilizers. Considering that Spain reports a N stock between 40% and 60%, actions should 

primarily focus on reducing N losses in water bodies in the agricultural sector, which currently account 

for 724 kt N/year.  

In conclusion, implementing circular strategies in waste management, enhancing nutrient recovery 

from wastewater, and adopting sustainable agricultural practices are crucial steps to minimize N 

losses, protect water bodies, improve soil health, and address the environmental impacts associated 

with N use in Spain.  

One way to achieve this circularity increase is by providing a legal framework that favors 

the implementation of new technologies capable of recycling these nutrients back into the 

country boundaries.  In this thesis it has been proven that the N recovery from urban 

WWTP and its further valorization as fertilizer not only can be technical and economically 

feasible but also has a huge benefit at an environmental level.  

 Outlook and future prospects 

Recycled nutrients are on the verge of being included in the EU Regulation, marking a significant step 

towards promoting their use as direct fertilizers or raw materials for fertilizing products in EU Member 

States. In 2019, struvite and similar phosphate salts were incorporated into the new EU Fertilizer 
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Products Regulation 2019/1009, set to take effect in July 2022. This regulatory inclusion not only 

encourages wastewater treatment plants (WWTPs) to implement nutrient recovery processes but also 

motivates the fertilizer industry and farmers to adopt these products, as harmonized regulation 

ensures both commercial benefits and product safety at the European level. 

The STRUBIAS report, developed by the Joint Research Centre (JRC) of the European Commission, 

has played a crucial role in shaping the EU Fertilizer Products Regulation for struvite. It proposed 

specific criteria for phosphate salts, struvite, biochars from pyrolysis and gasification, and thermal 

oxidation materials (ashes). These criteria are now incorporated into the EU FPR, driving the adoption 

of struvite at the European level. The report engaged the entire stakeholder community from 2017 

onwards, facilitating the discussion and implementation of P recovery as struvite in European 

practices. Additionally, it facilitated the establishment of quality standards and analytical parameters 

for struvite production, as seen in the ENRICH project, which anticipated the product's inclusion in the 

EU FPR ahead of regulatory changes. 

While ammonium salts produced from nutrient recovery are not yet included in regulations, it is 

expected that they will follow a similar path to that of struvite in a short period. The successful 

adaptation of policies for struvite is a pivotal step for all recovered nutrients, setting a precedent for 

their acceptance and utilization. The STRUBIAS report remains a dynamic resource, continuing to 

lead the way in regulating recovered nutrients and other valuable products that can be obtained from 

WWTPs and alternative sources, offering more sustainable options than conventional ones. 

End-of-Waste (EoW) status for recovered nutrients is currently granted at the national level in Belgium, 

Netherlands, and Germany, specifically for struvite. However, the new EU FPR presents an 

opportunity to change this situation in the short-term and expand EoW status to other countries. 

In terms of trademarked products, those registered under the REACH regulation can be sold as 

fertilizers at the national level. Notable examples include Phosphocare™ (from the Phosphogreen 

process in Denmark), Crystal Green® (from the Pearl process in the United States/United Kingdom), 

and BIOSTRU© STRU-VITE (from the NuReSys process in Belgium). 

The feasibility of using the recovered products for fertigation of tomato, lettuce, cauliflower, and 
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broccoli was assessed in the ENRICH project in collaboration with the European Sustainable 

Phosphorus Platform (ESPP), providing a solid foundation for the success of this model. Moreover, a 

business plan for Spain has been defined based on the project's results, and the business models 

have been adapted for other European countries, considering the synergies and context of key players 

and the current and expected regulations in each nation. 

To ensure the viability of these results and contribute to the updating of the legal framework, the project 

involved the administration, with the Ministry of Agriculture of Spain being one of the stakeholders. 

The ENRICH team recognizes the vital role of involving the administration in such projects to have a 

meaningful impact on policies. 
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