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ABSTRACT 
This present habilitation thesis in wastewater systems explores the theoretical and practical 

implications of achieving sustainability through and in wastewater treatment. It herby uses the 

discussions on circularity, sustainability and nexus thinking while investigating their relationship 

amongst each other and in their relation to wastewater treatment.  

This thesis consists of seven main chapters. Chapter 1 provides an overview of the approach in which 

the present manuscript delves into the aspects of circularity, sustainability and nexus concepts and 

wastewater treatment. Chapter 2 to 5 contain the manuscripts that relate to (a) conceptual 

considerations, (b) examples of circularity, (c) sustainability assessments and (d) nexus applications.  

Chapter 6 provides a series of lessons learned from the collated findings. Chapter 7 holds the 

appendix with supplemental information from the respective manuscripts. 

The work is based on a variety of publications that the author and her team members produced 

primarily between January 2016 and October 2019 (and in part until the submission of this thesis).  

While they include 5 published first-author peer-reviewed publications some sections also contain 

further relevant co-authored publications.  

Water security is key for a sustainable world. Wastewater can play a critical role towards provisioning 

water sustainably to address water scarcity and water stress. However, wastewater treatment is 

currently itself not sustainable. For wastewater treatment to be put on a sustainable footing, 

systemic change of the sector and the way wastewater is viewed needs to occur. Wastewater 

treatment can provide a series of resources for circular use – with nature-based solutions offering co-

benefits over grey infrastructure that extend to other nexus sectors such as food and energy. 

However, circularity does not necessarily equate with sustainability. Environmental components are 

just one of the three dimensions of sustainability, but data for indicators for social and economic 

aspects of wastewater treatment are scarce.  

Moving towards sustainable solutions may only be possible by employing tools that step away from 

an ever-better understanding of current systems and shifting towards modes of analysis that help 

generate target and transformation knowledge in inter- and transdisciplinary research and project 

settings. These views mandate a radical revision of current curricula of engineers and other 

disciplines to include courses on social, economic and environmental dimensions of sustainability. 

Training in designing, conducting and evaluating participatory processes that include a variety of 

stakeholders may significantly improve future generations’ capacities to design, construct, and 

operate sustainable wastewater treatment systems that provide treated wastewater as a sustainable 

source of water in a water secure world.   

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

  



 

 
 

ZUSAMMENFASSUNG (ABSTRACT in German) 
Diese Habilitationsschrift untersucht die theoretischen und praktischen Implikationen der Erreichung 

von Nachhaltigkeit durch und in der Abwasserbehandlung. Sie nutzt die Diskussionen über 

Kreislaufwirtschaft, Nachhaltigkeit und Nexus-Denken und untersucht deren Beziehung 

untereinander und in ihrem Verhältnis zur Abwasserbehandlung.  

Dieses Manuskript besteht aus sieben Hauptkapiteln. Kapitel 1 gibt einen Überblick über den Ansatz, 

in dem das vorliegende Manuskript die Aspekte der Kreislaufwirtschaft, Nachhaltigkeit und Nexus-

Konzepte und Abwasserbehandlung untersucht. Kapitel 2 bis 5 enthält die Manuskripte, die sich auf 

(a) konzeptionelle Überlegungen, (b) Beispiele für Kreislaufwirtschaft, c) Nachhaltigkeitsbewertungen 

und (d) Nexusanwendungen beziehen.  Kapitel 6 enthält eine Reihe von Einsichten, die aus den 

gesammelten Erkenntnissen gezogen wurden. Das letzte Kapitel enthält die Zusatzdaten und -

informationen einiger der Artikel. 

Die Arbeit basiert auf einer Vielzahl von Publikationen, die die Autorin und ihre Teammitglieder 

hauptsächlich zwischen Januar 2016 und Oktober 2019 (und teilweise bis zur Einreichung dieser 

Arbeit) erstellt haben.  Während sie 5 veröffentlichte Erstautoren-Peer-Review-Publikationen 

umfassen, enthalten manche Abschnitte auch weitere relevante, mitverfasste Veröffentlichungen.  

Wassersicherheit ist unumgänglich für eine nachhaltige Welt. Abwasser kann eine Schlüsselrolle bei 

der Bereitstellung einer nachhaltigen Wasserquelle spielen, um Wasserknappheit und Wasserstress 

zu bewältigen. Die Abwasserbehandlung selbst ist jedoch derzeit nicht nachhaltig. Damit die 

Abwasserbehandlung auf eine nachhaltige Grundlage gestellt werden kann, müssen die Sektoren und 

die Art und Weise, wie Abwasser betrachtet wird, verändert werden. Die Abwasserbehandlung kann 

eine Reihe von Ressourcen für die Kreislaufwirtschaft bereitstellen – naturbasierte Lösungen bieten 

weitere Vorteile gegenüber grauer Infrastruktur, die sich auf andere Nexus-Sektoren wie Nahrung 

und Energie erstrecken. Kreislaufwirtschaft ist jedoch nicht unbedingt gleichbedeutend mit 

Nachhaltigkeit. Umweltkomponenten sind nur eine der drei Dimensionen der Nachhaltigkeit, aber 

Daten für Indikatoren für soziale und wirtschaftliche Aspekte der Abwasserbehandlung sind rar. 

Der Übergang zu nachhaltigen Lösungen ist möglicherweise nur möglich, wenn Instrumente 

eingesetzt werden, die sich von einem immer besseren Verständnis aktueller Systeme entfernen und 

sich in Richtung Analysemodi bewegen, die dazu beitragen, Ziel- und Transformationswissen in inter- 

und transdisziplinären Forschungs- und Projektumgebungen zu generieren. Diese Ergebnisse 

schreiben eine radikale Überarbeitung der aktuellen Lehrpläne von Ingenieuren und anderen 

Disziplinen vor, um Kurse über soziale, wirtschaftliche und ökologische Dimensionen der 

Nachhaltigkeit aufzunehmen. Schulungen in der Konzeption, Durchführung und Bewertung 

partizipatorischer Prozesse, die eine Vielzahl von Akteuren einbeziehen, können die Kapazitäten der 

zukünftigen Generation zur Planung, Konstruktion und zum Betrieb nachhaltiger 

Abwasserbehandlungssysteme, die behandeltes Abwasser als nachhaltige Wasserquelle in einer 

wassersicheren Welt bereitstellen, erheblich verbessern. 
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SCOPE/STRUCTURE OF THE WORK/ APPROACH & METHOD 

Introduction  
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1 Introduction 

1.1 Scope 

“The right to safe and clean drinking water and sanitation as a human right 

[…] is essential for the full enjoyment of life and all human rights.” 

United Nations, 2010, Resolution A/RES/64/292 

 

With this resolution the international community enshrined the right to water as a basic human right. 

For all humans now, and in the future. Roughly a decade after the passing of this resolution and 

massive global efforts in the context of the Sustainable Development Goals, still “only 71 per cent of 

the global population used safely managed drinking water and just 45 per cent used safely managed 

sanitation services”(‘Goal 6 | Department of Economic and Social Affairs’ 2021) .  

The world is not on track with water. 

The challenge with water is accessing the right amount of water at the right quality. When all these 

three conditions apply – amount, quality, access - then we speak of achieving water security 

(Schneider, Avellán, and Le Hung 2019; Schulte and Morrison 2014). As soon as we, as humans, use 

water for any kind of purpose this water becomes ‘used’ and is usually then considered ‘wastewater’. 

Depending on the kind of use we give this water - domestic, industrial, agricultural, etc. - the water 

becomes more or less used. The different kinds of uses produce different kinds of pollutants. As such 

70% of the limited but renewable amount of 300.000 km3 freshwater available globally are used in 

agriculture (WWAP 2017). Only 10 % are used for domestic or municipal use (Burek et al. 2016; 

WWAP 2018). Domestic and municipal wastewater often exhibits high organic matter, nutrient and 

bacterial pollution contents that can significantly harm surface and also subsurface water bodies 

(WWAP 2019). Their degradation puts human health directly at risk. Providing adequate treatment to 

wastewater before returning it to the environment is thus paramount to achieve water security. 

But organic matter and nutrients are often lacking in agriculture and erosion, soil depletion and 

decreasing soil health are posing serious threats to food security (Pennock 2019; FAO 2019). Treated 

wastewater could provide those missing resources, reducing the need for artificial fertilizers and the 

cascading of reactive nitrogen through the ecosystems (‘The State of Knowledge of Soil Biodiversity’ 

n.d.). Using resources for multiple purposes in a closed-loop manner is also in line with the paradigms 

of circularity as postulated in circular economy theories (Ellen MacArthur Foundation 2013).  

But is it also sustainable? 

Water management is not necessarily considered sustainable. Currently, 80% of wastewater is 

returned to the environment without prior treatment thus severely hampering the health of aquatic 

ecosystems (WWAP 2017). Hence, while returning wastewater to waterways may reduce water 

scarcity, the provision of treated wastewater to the waterways in a direct (disposal) or indirect 

(fertigation) manner may prevent water stress altogether. The United Nations General Assembly 

realized this issue to be of prime importance and therefore incorporated a particular target in the 

2030 Agenda for Sustainable Development (United Nations 2015). Sustainable Development Goal 6 

aspires to achieve “availability and sustainable management of water and sanitation for all” and its 

target 6.3 calls to ‘improve water quality by reducing pollution, eliminating dumping and minimizing 

release of hazardous chemicals and materials, halving the proportion of untreated wastewater and 

substantially increasing recycling and safe reuse globally’ (United Nations 2015). The 2030 Agenda 

for Sustainable Development can only be achieved if progress in all 17 goals and more than 230 
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targets is made in an integrated manner on all three aforementioned fronts of sustainbility (UN 

Water 2016) (see Figure 1.1 for an overview of the goals). Ensuring water security for all 

stakeholders, including the environment, is also a prerequisite for good transboundary water 

resource management, and hence conflict prevention and resolution.  

 

Figure 1.1: Overview of the 17 Sustainable Development Goals of the 2030 Agenda on Sustainable Development. 

Achieving water security might, however, come at the expense of food security (or energy security 

for that matter) (Schneider, Avellán, and Le Hung 2019). To account for the need of balancing those 

potentially conflicting needs and pressures on resources and services the concept of the Water-

Energy-Food (WEF) Nexus was proposed (Hoff 2011) and has since received manifold attentions in 

the scientific and development realm. Nexus thinking intends to generally move towards 

sustainability and support sustainable development (Roidt and Avellán 2019). 

Understanding waste streams could be an interesting perspective on the nexus towards a circular 

economy as this may help reduce waste and enhance resource use efficiency in a sustainable 

manner. While wastewater treatment and management systems are predominantly ‘urban’ 

problems, food security is often rather a rural or peri-urban problem. Bringing the nutrients of 

(treated) wastewater closer to the agricultural users may solve multiple security issues, but care has 

to be taken that all aspects of sustainability are considered in those solution pathways. Figure 1.2 

shows some basic interactions that (could) occur in an ‘urban’ WEF Nexus. While the coloured arrows 

(blue, yellow and green) correspond to the respective resource or sector (water, energy and food), 

the grey arrows represent (potential) waste streams.  
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Figure 1.2: Basic interactions in an ‘urban’ Water-Energy-Food Nexus (visual design courtesy of A. Müller) 

Nexus thinking intends to support achieving sustainability by enhancing circularity of systems and 

resource flows (Feng et al. 2019; Martinez-Hernandez, Leach, and Yang 2017). Circularity of systems 

aims at reducing the use of (new) resources by replacing end-of-life principles with recycling and 

reuse of existing resources thus potentially supporting enhanced sustainability (Haupt and Hellweg 

2019). Sustainable wastewater treatment can lead to the use of treated wastewater thus providing 

avenues for circular use within an ‘urban’ WEF nexus (WWAP 2017; Avellán et al. 2018). By the same 

token, enhanced circularity could be a factor in defining the degree of sustainability of wastewater 

treatment and its management at large (Benavides et al. 2019). Therefore, these concepts are 

intertwined and not always easily distinguishable.  

The questions remain: Can wastewater serve as a sustainable water source in an ‘urban’ nexus 

setting? And how would sustainable pathways for this circular resource use look like? 

The Ellen MacArthur Foundation (2013) defines a circular economy as “an industrial system that is 

restorative or regenerative by intention and design. It replaces the ‘end-of-life’ concept with 

restoration, shifts towards the use of renewable energy, eliminates the use of toxic chemicals, which 

impair reuse, and aims for the elimination of waste through the superior design of materials, 

products, systems, and, within this, business models’’. Rizos, Tuoko and Behrens (2017) highlight the 

following three circular economy principles: (1) use less primary resources such as recycling and 

efficient use of resources, (2) maintain the highest value of materials and products, i.e. extend the 

lifetime of products, and (3) change utilization patterns such as switching from products to services 

and sharing models. However, care must be taken since circularity does not make systems 

automatically (more) sustainable (Kravchenko, McAloone, and Pigosso 2019). Switching from product 

purchase to leasing services can lead to an increased replacement of the leased product, hence 

increasing overall consumption and thus in turn an increased resource use.  

Sustainability intends to simultaneously take into account and provide for the need of “striving for 

the maintenance of economic well-being, protection of the environment and prudent use of natural 

resources, and equitable social progress which recognises the just needs of all individuals, 

communities, and the environment” (Waas et al. 2011). Achieving sustainability is often referred to as 

acomplishing the ‘triple bottom line’ or serving ‘People, Prosperity, and Planet’. Sustainable 
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Development intends “[…] to ensure that it [development] meets the needs of the present without 

compromising the ability of the future generations to meet their own needs” (WCED 1987; United 

Nations 1987). 

While ensuring water security along with energy and food security is considered the outset of nexus 

thinking as outlined by Hoff et al. (2011), there is a broad debate about different ways of addressing 

‘the nexus’ that range from which resources and sectors can or are being addressed (Endo et al. 

2015; Smajgl, Ward, and Pluschke 2016; Roidt and Avellán 2019) to which methods can be used (C. 

Zhang et al. 2018) and how to interact with nexus stakeholders (Hoolohan et al. 2018). Nexus 

approaches are often context-specific adaptations to local needs, assessing current state 

interlinkages between different aspects (Roidt and Avellán 2019). In addition, there is a perceived 

lack of measurement and evaluation mechanisms to know if and how the application of ‘the nexus’ 

has helped in achieving a ‘better’ result (Avellán and Roidt 2022). 

 

In the ‘original’ WEF Nexus water is one of the elements, while considerations of waste(-water) are 

being addressed more explicitly in the Water-Soil-Waste (WSW) Nexus that the United Nations 

University assesses and propagates (Hülsmann and Ardakanian 2014). In general, the Nexus thinking 

analyzes interlinkages across resources or sectors from biophysical, social, economic and social 

angles (Bhaduri et al. 2015). Sectors include considerations of both the resource and the goods and 

services that are derived from it. And while the WEF Nexus looks at the goods and services provided 

by resources (Endo et al. 2015), the WSW Nexus concentrates its efforts more specifically on the 

resources (Stephan Hülsmann and Ardakanian 2014). The water sector may encompass interlinkages 

related to water resources as well as services of supplying water for human use (a good) or collecting 

and treating wastewater, as shown in Figure 1.3. Sustainable wastewater management often deals 

with the impacts of the lack of wastewater treatment on freshwater and aquatic ecosystems or crops 

and soil ecosystems. Therefore, the interlinkages from wastewater management towards water 

management and crop management are further critical aspects to be assessed.  

 

 

Figure 1.3: “Water” in the nexus can be considered a resource for consumption (i.e. for human use) or a sector producing 
goods and services (from Avellán et al. 2022). 
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In line with the ‘urban’ nexus introduced previously, wastewater treatment systems in urban settings 

could provide an avenue for enhanced circularity and potentially reduce pressure on resources such 

as freshwater thus supporting a more sustainable scenario (Figure 1.4). By consciously planning 

wastewater treatment systems into urban areas for resource (re-)use new input sources for the 

energy, water or food sector can be explored. In addition, aspects of biodiversity, ecosystems, 

climate, or land can also be included, which are considerations that many nexus experts are calling 

for. However, only talking to sectoral experts and seeking technical or technological solutions may 

not be sufficient to achieve sustainable solutions and drive the systemic change that is needed to 

arrive at sustainable development. 

 

Figure 1.4: ‘Urban’ Water-Energy-Food Nexus representation when adding a wastewater treatment plant (WWTP) to the 
system (visual design courtesy of A. Müller) 

In the 18-month project ‘Resource Recovery from Wastewater in the Americas – Assessing the 

Water-Soil-Waste Nexus (SludgeTec)’ funded by the German Bundesministerium für Bildung und 

Forschung, (BMBF) under the grant number 01DF17001 we therefore aimed for ‘international 

experts and local stakeholders to co-design sustainable wastewater treatment and management 

options for two pilot areas in the Americas: Los Cebollales wastewater treatment plant (WWTP) in 

Panajachel, Lake Atitlan, Guatemala and Tlaxinacalapan WWTP in Tepeji, State of Hidalgo, Mexico’ 

(Avellán et al. 2019). The project was based on trans-disciplinary research principles that embrace (1) 

the importance of disciplinary knowledge and their experts, (2) the importance of inter-disciplinary 

exchange amongst disciplinary experts, and (3) the knowledge of all stakeholders as equally 

important without overrating academic expertise.  

Brandt et al. (2013) propose three types of knowledge to be shared between all stakeholders: “(i) 

“system knowledge” the observation of the system, (ii) “target knowledge” the knowledge of the 

desired target state, and (iii) “transformation knowledge” the knowledge necessary for fostering 

transformation processes.” While numerical modelling has been extensively used in nexus research 

to better understand the system (i.e. arrive at system knowledge), few methods have been used to 

also arrive at target and transformation knowledge. We argue that systemic change through nexus 

cannot be achieved if knowledge generation remains at the system level. The research applied a 
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triangular methodological approach using (a) a sustainability assessment, (b) a social network 

analysis and (c) a wickedness analysis in an interdisciplinary manner (Figure 1.5).  

 

 

Figure 1.5: Overview of the methodological approach in an interdisciplinary manner and a transdisciplinary setting (after 
Scholz and Steiner 2015). 

The project showed the challenges and complexities that applying theoretical nexus thinking to the 

real-world circular and sustainable resource use of wastewater holds. Assessments are always only 

temporary snapshots of current situations and pathways, even if developed locally in an inclusive 

participatory manner, are dependent on many outside factors that relate to culture, politics or just 

human moods. However, collective action, citizen-led pressure on politicians, and individual 

initiatives can go a long way and build the foundation for slow but steady systemic change. As such, 

the project may not have arrived at sustainable treatment systems in both cases after 18 months, but 

it provided a broad knowledge base to a diverse set of stakeholders and opportunities for action such 

as enhanced environmental education campaigns or keeping key staff on board despite political 

changes. If nothing else, it offered the chance for human connections, the collective grasp of water 

as a human right and the importance each one has in inducing systemic change. 
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1.2 The structure of this work 
This habilitation is based on the work performed by myself and the team that I built at the United 

Nations University Institute for Integrated Management of Material Fluxes and of Resources within 

the Water Resources Management Unit between January 2016 and October 2019. My 

interdisciplinary team was composed primarily by my research assistant Dr. Sabrina Kirschke and the 

two PhD students under my co-supervision, Dr. Agossou Gadédjisso-Tossou and Ms. Andrea Müller. 

In that timeframe the unit counted with the support of students from the Technische Universität 

Dresden and Northern Arizona University that were undertaking their master thesis work under my 

co-supervision (Mario Roidt, Laura Ferrans, Kurt Brüggemann, Leon Zimmermann, Vaitheswari 

Thiruvengadam Selvam, Anh Bui, Mauricio Nevado, Meike Hamester). It further included interns and 

students that worked with UNU in the framework of the study project of the international Hydro-

Science and Engineering Master of Science Programme. The unit was also heavily supported by 

research interns from various countries and academic backgrounds. In addition, the unit had two full 

time staff employed within the BMBF-funded project ‘Resource Recovery from Wastewater in the 

Americas – Assessing the Water-Soil-Waste Nexus’ (SludgeTec) for a period of 6 to 18 months.  

The work therefore heavily draws on the achievements of the team as a whole and publications that 

resulted from the collaborative efforts. I believe research to be more fun and effective when done in 

well-functioning and trusting teams. The writings span a total of 30+ pieces published in and 

submitted to classical peer-reviewed journals, some of them high ranking, and academic book 

chapters as well as contributions to publications of the United Nations system such as the yearly 

World Water Development Report or policy briefs, proceedings and working papers of the UNU-

FLORES’s own publication series. The ambition of this work is to attempt to bridge the gap between 

academic, theoretical thinking and real-world implementation challenges. This was also the overall 

ambition of my unit and my team under the mandate of the United Nations University. 

This habilitation explores aspects of wastewater treatment in relation to concepts of circularity, 

sustainability, and nexus thinking. It will do so by investigating the relation of these concepts through 

a conceptual lens on the one hand and through exemplary demonstrations of circularity, 

sustainability and nexus thinking with a view to wastewater treatment and management on the 

other hand. Chapter 2 will look at conceptual and theoretical aspects of the Nexus based on 

literature reviews that were conducted on Integrated Management approaches. These reviews 

provide lessons-learnt for how to ‘design’ nexus thinking. Chapter 3 delves deeply into constructed 

wetlands for effluent treatment and how design to these with a view of maximizing resource 

recovery and circularity of resource use. Chapter 4 tackles the challenging question of assessing 

sustainability of wastewater treatment systems both for their liquid and solid (sludge) components. 

Chapter 5 provides an example of how nexus thinking is useful for irrigation and drainage 

management in agricultural fields. In addition, it addresses the issue of knowledge generation in 

transdisciplinary research, such as wastewater treatment under a nexus view. Chapter 6 provides 

overarching conclusions based on the breadth of the work.  

Figure 1.6 gives an overview of the chapters and respective articles that build their foundation. The 

final chapter will try to collate the findings from these articles and derive lessons learned while trying 

to distil recommendations for academia and practice to achieve water security in a sustainable 

manner. 
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Figure 1.6: (Waste)water can be looked at from various angles. This habilitation explores the various viewpoints and tries to draw lessons from each for enhanced (waste)water treatment and 
management. This figure gives an overview of chapters and their respective publications (note that at the time of submission the last article is still under review and is therefore printed in light 
grey). 
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2 Conceptual explorations 
Nexus thinking emerged from Integrated Management approaches, and in particular from Integrated 

Water Resource Management (IWRM). One large critique to Nexus thinking is that it has not moved 

away from the water-centric perspective of IWRM. The two articles presented here use different 

Integrated Management approaches that are mostly related to the resources of the WSW Nexus to 

understand their drawbacks and to derive lessons learned. The first one focuses on how to integrate 

the different aspects that are to be explored and provides a concrete definition of what ‘integration’ 

should mean and look like in the Nexus. The second addresses the challenging question of scale in 

the Nexus. The different sectors and/or resources may operate at different scales that may make 

integration impossible. The suggestion from this article is to define the scale of the nexus assessment 

based on the geographic overlap between at least two aspects of the Nexus. These two articles 

provide the theoretical and conceptual underpinning for all subsequent articles. 
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Abstract: 

In the 1990s, the emergence of Integrated Management Approaches to water, land and waste 

established a widely accepted understanding on integration of environmental systems. Nexus 

Approaches try to often build on these. This paper assesses i) the intended goals and features of 

three Integrated Management Approaches (Integrated Natural Resource Management - INRM, 

Integrated Water Resource Management - IWRM and Integrated Solid Waste Management - ISWM) 

and two Nexus Approaches (Water-Energy-Food (WEF) Nexus and Water-Soil-Waste (WSW) Nexus), 

and ii) how target systems and their integration are viewed in each of the Integrated Management 

Approaches. From this, we assess commonalities and some lessons-learned for the Nexus. The 

method is based on a systematic literature review and a document analysis. From 1652 articles 52 

peer reviewed papers were analysed. The results show that in terms of goals the Nexus Approaches 

are very similar to Integrated Management Approaches with the addition of clearly wanting to 

address governance and policy aspects e.g. in the WEF Nexus. Nexus Approaches try to move away 

from a single-resource centric view (e.g. WSW Nexus) and intend to go beyond resources towards 

sectors (e.g. WEF Nexus). It cannot be confirmed, that integration is clearly addressed in the analysed 

Integrated Management Approaches and what integration means is hardly defined. To provide some 

clarity for Nexus Approaches we propose a concept to describe integration by using “categories of 

integration” and the term “aspect” which includes systems, subsystems and other aspects alike. 

Keywords: Reductionism, Holism, Sustainable Development, Water-Energy-Food Nexus, Water-Soil-

Waste Nexus, Integrated Resources Management 
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2.1.1 Introduction 

After two decades of applying Integrated Management Approaches to water, land and waste the 

question about their impact remains. Biswas (2008) for instance claims that in the 20th century many 

approaches have come and gone without leaving anything behind that tells us how we can efficiently 

manage natural resources in an integrated way. Shortcomings, such as a vague conceptual 

description or difficulties in implementation, were formulated by Wichelns (2017) for Integrated 

Water Resources Management (IWRM) and Integrated Natural Resources Management (INRM).  

Nonetheless, an even further increased degree of integration emerges. Sectors and resources e.g. in 

the field of water, energy, agriculture and others are strongly interlinked and complex and so is their 

management (Hoff 2011). This is an issue that is relevant in the process and progress towards the 

Sustainable Development Goals (SDGs) as the manifold goals are interlinked themselves; progressing 

in one goal may result in either synergies or trade-offs between them (ICSU 2017). To advance 

integrated management and account for these issues, the notion of the Nexus entered the debate on 

Sustainable Development in recent years (Kurian 2017).  

While defining Nexus Approaches to land, water and waste, learning from Integrated Management 

Approaches that have dealt with each of the resources separately in the past is considered a critical 

stepping stone in providing functional solution options. Therefore, this paper assesses i) the intended 

goals and features of the three integrated approaches (Integrated Natural Resource Management - 

INRM, Integrated Water Resource Management - IWRM and Integrated Solid Waste Management - 

ISWM) and contrasts them with the ones set by the Water-Energy-Food (WEF) Nexus and the Water-

Soil-Waste (WSW) Nexus, and ii) how target systems and their integration are viewed in each of the 

Integrated Management Approaches.  

Before proceeding, the two Nexus approaches and the three Integrated Management Approaches 

shall briefly be introduced. 

2.1.1.1 The Nexus notion 

The Nexus aims to shift from integration within sectors to integration between sectors or resources. 

The Water-Energy-Food (WEF) Nexus, for instance, recognizes that the water-, food-, and energy 

sectors depend on each other (Hoff 2011). The WEF Nexus aims to support a transition to a green 

economy in two ways: achievement of greater policy coherence and higher resource efficiency 

(ibid.). By cutting down trade-offs and creating synergies, the WEF  exus’ objectives are also 

increasing the security of water, energy, and food (ibid.). A generally accepted definition of the WEF 

 exus has not come up yet.  onetheless,  off’s background paper (2 11) prepared for the Bonn 

2011 Nexus conference significantly influenced shaping of the approach. From his perspective, the 

WEF Nexus can be understood under the context of achieving water-, energy, and food security in a 

rising green economy. Figure 2.1.1 shows some examples of the interactions between the three 

sectors.  
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Figure 2.1.1: Interactions within the WEF Nexus. 

 

While the WEF Nexus is about sectors, the Water-Soil-Waste (WSW) Nexus considers resources. In 

order to support food security, for instance, the WSW Nexus does not tackle the food sector. It 

would rather aim to look at important resources needed to produce food and hence, focus on the 

interactions between water and soil (UNU-FLORES n.d.a). Figure 2.1.2 shows some of the 

interlinkages of the WSW Nexus resources as described in R. Lal (2015).  

UNU-FLORES describes the WSW Nexus as an  

“ [a]pproach to environmental resources’ management [that] examines the inter-relatedness and 

interdependencies of environmental resources and their transitions and fluxes across spatial scales 

and between compartments. Instead of just looking at individual components, the functioning, 

productivity, and management of a complex system is taken into consideration.”  

(UNU-FLORES n.d.a, paragraph 1). 

The Nexus described at UNU-FLORES explicitly considers waste as a resource (Schwärzel, Huelsmann, 

and Ardakanian 2014). In food production waste may play a role when considering wastewater for 

irrigation or nutrients from wastewater for fertilizing (Lal 2015). As part of the Nexus notion, the 

WSW Nexus aims to tackle interlinkages between the resources soil, water and waste to reveal trade-

offs and synergies. Based on this the WSW Nexus supports environmental decision-making within 

different boundaries of these resources systems (Avellán et al. 2017).  

Source: UNU-FLORES  
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Figure 2.1.2: Interlinkages within the WSW Nexus. 

 

2.1.1.2 Integrated Management of water, soil and waste 

Water resources professionals who are used to systems analysis put forward IWRM (Allouche 2016) 

as a systems approach to the study of water resources (Wichelns 2017) and an interdisciplinary and 

holistic manner of managing them. The Global Water Partnership (GWP) states that IWRM is 

“ a process which promotes the coordinated development and management of water, land and 

related resources, in order to maximize the resultant economic and social welfare in an equitable 

manner without compromising the sustainability of vital ecosystems." (GWP 2000, 22). 

Nowadays, IWRM is a dominant and widely acknowledged paradigm of water management (Jeffrey 

and Gearey 2006; Petit 2016; Crase and Cooper 2015). Despite ongoing criticisms and controversial 

discussion, the goal to implement IWRM throughout the globe continues. The commitment of SDG 

6.  to IWRM portrays that it is high on the agenda in today’s water resources management (United 

Nations 2015). 

Integrated Natural Resource Management (INRM) as described by the Consortium of International 

Agricultural Research Centers (CGIAR) is based on a systems approach that strives to impact the 

quantity and quality of natural resources related to agricultural activities. INRM was stimulated by 

shortcomings in the agricultural sector during and after the time of the green revolution (after the 

1970s) in combination with an increasing understanding of the role of ecosystems (Izac and Sanchez 

2001; CGIAR 2000). A common definition of INRM comes from the CGIAR which defined INRM in 

2000 as:  

Design adapted from UNU-FLORES   

Content based on R. Lal (2013) 
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“a conscious process of incorporating multiple aspects of natural resource use into a system of 

sustainable management to meet explicit production goals of farmers and other uses (e.g., 

profitability, risk reduction) as well as goals of the wider community (sustainability).” (CGIAR 2000, 5). 

Before the 19th century waste management was a simple disposal of waste within or outside the 

cities (Marshall and Farahbakhsh 2013). McDougall et al. (2001) base Integrated Solid Waste 

Management (ISWM) on the concept of sustainability. Thus, waste management must incorporate 

the economic, environmental and social dimensions. The idea is that many options of waste 

management in collecting, transporting, treating and disposing waste, should not only be considered 

in simple comparisons, but also be carefully analyzed in accordance to an approach that can better 

economic and ecological efficiency through systemic and scientific approaches (Abounajm and 

Elfadel 2004). A definition of Integrated Waste Management is given by McDougall et al. (2001) in 

the well-known book Integrated Solid Waste Management:  

”Integrated Waste Management systems combine waste 

streams, waste collection, treatment and disposal 

methods, with the objective of achieving environmental 

benefits, economic optimisation and societal acceptability. 

This will lead to a practical waste management system for 

a specific region“ (McDougall et al. 2001, 15). 

2.1.2 Methods 

To answer the research questions, the study applies both a 

systematic literature review and a document analysis. 

2.1.2.1 Assessing intended goals and features  

The intended goals and features of the approaches were 

analysed through a systematic literature review.  

In our understanding, goals describe the aim or results 

pursued by an approach. A further commonality that the 

approaches share is that they provide elements, features 

and characteristics. McDougall et al. (2001) describe the 

characteristic of INRM, while Campbell and Sayer (2003) 

outline the key feature of INRM. This article will use the 

term features for all such elements or characteristics that 

make up an approach in order to achieve its goals. While 

goals are the end the approaches seek, the features are 

the means to that end. 

A five-step review process, was developed and carried out. 

Literature is first identified, selected, appraised, then 

information is collected and analysed (see Figure 2.1.3).  

For identification, the literature review is conducted for 

peer reviewed articles from the years 1990 – 2017. The 

databases of ScienceDirect and Web of Knowledge are 

searched for the full name or the abbreviation of the 

approaches in keywords, title and abstract.  
Figure 2.1.3: Literature review flow chart. 
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To select the most relevant articles the vast amount of articles must be reduced in several 

subsequent steps. The duplicates in the articles between the two databases are removed. Then 

unrelated articles are sorted out by scanning titles and abstracts. Unrelated articles do not cover the 

topic of the approaches whatsoever, ISWM e.g. means Inter Scale Wavelet Maximum in biomedical 

engineering (Arikidis, Abel, and Forster 2002).  

In the appraisal step, the remaining articles are separated into conceptual and non-conceptual 

articles. The separation is done upon the judgement of the authors after reading the titles, and if 

necessary, abstracts. Conceptual in this sense refers to articles that discuss the approaches on a 

general basis including their history, goals, features and criticism. An article is considered non-

conceptual when it refers to specific aspects of the approach (e.g. groundwater-surface water 

interactions in wetlands for integrated water resources management) or with a focus on a specific 

region (e.g. integrated water resources management for Egypt). Non-conceptual articles also include 

methodological and empirical articles as well as case studies. The conceptual papers are then ranked 

by the citations indicated in the Web of Knowledge database. For each approach, the ten articles 

with the highest citations are picked. To also include more recent articles that may have not been 

cited as often as older papers, the conceptual articles of 2016 and 2017 are additionally checked and 

chosen if deemed relevant. This is done regardless of the citations they received. Thus, for each of 

the scrutinized approaches at least ten and maximum 14 articles are chosen to be analysed. Table 

2.1.1 shows an overview of the search criteria as well as the number of articles found during the 

literature search and chosen in the subsequent steps.  

It must be noted that the WSW Nexus receives very little attention in the two scholarly databases 

(three articles in April 2017!). Therefore, a slightly different approach is chosen. The literature 

published by UNU-FLORES in the recent years is checked for conceptual writings. Altogether six 

relevant publications are chosen and analysed. Due to this difference in selecting these articles, the 

procedure is not shown in the table.  

In total, this literature review consists of 52 articles.  

Table 2.1.1: Overview of the literature search method 

 Applicable to all approaches  

Databases and time of search  Science Direct | Web of Knowledge | Time of search: April 2017  

Search term ‘Abbreviation’ OR ‘full name’  

(e.g. ‘INRM’ OR ‘integrated natural resources management’) 

Search Criteria Years: 1990 – 2017 | Publications: Journal Articles | Search in: 

Title, Abstract, Keywords 

 ISWM INRM IWRM WEF Nexus Total  

Total articles found 173 76 1223 180 1652 

Duplicates 50 11 210 42 313 

Unrelated articles  8 24 -  -  32 

Non-conceptual articles 104 39 933  1076 

Conceptual articles 10 20 80 28 138 

Chosen articles with highest citations  10 10 10 10 40 

Range of citations of chosen articles 148 – 1  46 – 6  272 – 44  73 – 4  - 

Additional chosen articles 16/17 -  1  1  4 6 

Total number of chosen articles 10 11 11 14 46 
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2.1.2.2 Determining target systems of and integration in Integrated Management Approaches 

The target systems of and integration in Integrated Management Approaches were analysed through 

the analysis of key documents with outstanding importance to the respective approach. The chosen 

method for this part is a document analysis. “Document analysis is a systematic procedure for 

reviewing or evaluating documents” (Bowen 2009, 27). It is a qualitative research method to produce 

knowledge through structured examination and interpretation of text and other included means of 

information, such as figures (Bowen 2009).  

A key document in this article refers to a publication which had a major influence on the chosen 

integrated approach. It is preferably a book which contains the definition of the approach, is 

published by a major institution advocating for the approach and is often cited within the literature 

analysed in the 52 articles chosen for the literature review.  

For IWRM, the Background Paper Nr. 4 Integrated Water Resources Management published by GWP 

(2000) is used. For INRM, the book Integrated Natural Resources Management by Campbell and 

Syyer (2003) is analysed. For ISWM the book Integrated Solid Waste Management – a Life Cycle 

Inventory (2nd edition) by McDougall et al. (2001) is chosen.  

We understand a target system as the environmental system that is the main focus of each of the 

approaches, i.e. the water system in IWRM. A system can be defined as “a set of interconnected 

parts which function together as a complex whole” (Smithson, Addison, and Atkinson 2008, 9). A 

system is characterized by processes (e.g. fluxes), stores (e.g. a soil profile) and subsystems (e.g. 

groundwater in the hydrological cycle) (ibid.). In this article, this definition is also applied to the 

waste sector, where for instance the treatment of solid waste is a subsystem of the waste system. 

Smithson, Addison, and Atkinson (2008) point out that systems analysis is a methodology for 

investigating complex systems and define it as “… [t]he study of systems, for example hydrological 

systems, atmospheric systems and ecosystems in physical geography.” (p. 752).  

In this study, we assume that an approach aims to integrate the target system with its related targets 

to also eventually understand which interlinkages are important for modelling.  

2.1.3 Results 

2.1.3.1 Intended goals and features of Integrated Management Approaches 

Intended goals 

The analysis shows that one goal that all approaches have in common is to achieve sustainability 

within their field of management (see   
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Table 2.1.2). Other goals that are similar among the approaches are to consider and synergize 

various, also conflicting interests and views; this is the case especially in INRM and IWRM.  
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Table 2.1.2: Overview of goals described in the literature for each approach 

Integrated 
Approaches 

Goals Source 

INRM • Enhance agricultural productivity in a 
sustainable manner 

• Reconcile, consider and synergize various 
(conflicting) interests 

• Integrate the human and the natural 
system 

(Izac and Sanchez 2001; Merrey et 
al. 2005; Frost et al. 2006; Walker, 
Cowell, and Johnson 2001; 
Dalsgaard and Oficial 1997; 
Hagmann et al. 2003; Twomlow, 
Love, and Walker 2008; van 
Oosterzee, Dale, and Preece 2014) 

ISWM • Combination of waste management 
options in a sustainable manner 

• Maintenance or increase of public health 
and quality of life 

• Protection of the environment 

• Reduction, Reuse, Recycling/Recovery of 
waste 

• Integration of waste materials, sources of 
waste, treatment methods, processes, 
technologies, sectors and stages 

(Clift, Doig, and Finnveden 2000; 
Wilson et al. 2012; Marshall and 
Farahbakhsh 2013; Huang, Chi, and 
Li 2005; Menikpura, Sang-Arun, 
and Bengtsson 2013; Levis et al. 
2013; Memon 2010; Abdoli, Rezaei, 
and Hasanian 2016) 

IWRM • Manage water, land and related resources 
in a sustainable manner 

• Provide ecosystem solutions 

• Balance various (conflicting) interests 

• Integrate the human and the natural 
system 

(Biswas 2004; 2008; Medema, 
McIntosh, and Jeffrey 2008; Jonker 
2002; Jeffrey and Gearey 2006; 
Jonch-Clausen and Fugl 2001; Grigg 
2008; McDonnell 2008; Savenije 
and Van der Zaag 2008) 

WEF Nexus • Achieve water-, energy- and food security 

• Support Sustainable Development and the 
SDGs 

• Increase resource efficiency and 
optimization 

• Inform resource governance and promote 
rational decision-making 

• Enhance policy coherence and 
cooperation within and between sectors 

• Shift from integration within the sector to 
cross-sectoral integration 

(Smajgl, Ward, and Pluschke 2016; 
Lawford et al. 2013; Biggs et al. 
2015; Muller 2015; Leck et al. 
2015; Endo et al. 2015; Wong 
2014; Machell et al. 2015; Rasul 
and Sharma 2016; Kurian 2017; 
Wichelns 2017; Al-Saidi and Elagib 
2017) 

WSW Nexus • Ensure human well-being and health 

• Sustainable management of water, soil 
and waste 

• Increase resource efficiency and 
optimization 

(Schwärzel, Huelsmann, and 
Ardakanian 2014; Kurian and 
Ardakanian 2015; Alcamo 2015; 
Herath 2014) 

 

 

Features 

The literature analysis of the five approaches (ISWM, INRM, IWRM, WEF Nexus, WSW Nexus) yielded 

around 30 different but related features that are summarized in Table 2.1.3. The features of the 

approaches are in some parts different but are also very similar in other cases. Especially the aim for 

a holistic management, to apply a systems approach and thus, also embrace complexity is a common 

feature to almost all approaches. Moreover, to include stakeholders and ensure participation as well 
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as to tackle issues in an interdisciplinary and/or transdisciplinary manner are statements that are 

frequently found in literature on the approaches. Other aspects such as to reduce trade-offs and 

increase synergies or to enhance overall system efficiency receive increased attention especially 

within the Nexus.  

Table 2.1.3: Summary of features of Integrated Management Approaches and the Nexus.  

Features  ISWM INRM IWRM 
WEF 

Nexus 

WSW 

Nexus 

Reform governance arrangements   X   

Strengthen legislation and policy X     

Community-based activities and governance  X    

Consider governance, norms, institutions, organisations     X X 

Holism X X X X  

Systems Approach X X X X X 

Participation and inclusion of stakeholders X X X X X 

Embrace complexity X X X  X 

Embrace uncertainty  X X   

Interdisciplinary  X X X X X 

Transdisciplinary  X X X X 

Consideration of local context X X    

Aim for local impact X X    

Research paradigm   X    

Increase adaptive capacity  X    

Based on efficiency and equity    X  X 

People-centred  X    

Bring together sectors    X  

Focus on the poor    X  

Multiple scales of analysis and scaling up and out  X    

Consider different scales     X 

Reduce trade-offs and increase synergies    X X 

Focus on systems efficiency    X  

Promote partnering private sector to improve Nexus-based 

investments  
   X  

Provide methods and tools for assessment     X  

Combine different modelling approaches     X 

Economic incentives   X  X 

 

2.1.3.2 Target systems of and integration in Integrated Management Approaches 

Target systems  

Each approach has its own target systems as shown in Figure 5 and also describes them in different 

ways. For example, the definition of the target systems for INRM is not straightforward. The 

document under analysis does not mention explicitly which systems are in the focus of INRM. 
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Neither the name of the approach nor the definition of INRM clarifies this question more detailed 

than speaking of natural resources. The definition of I RM aims at “incorporating the multiple 

aspects of natural resources” but also puts a focus on the “explicit production goals of farmer” 

(CGIAR 2000, 5). Even though it is not the only resource a farmer is concerned about, it is intuitive 

that soil fertility belongs to a farmer’s main concerns. Further related targets to I RM are 

Biodiversity, Water, Nutrients and Air (CGIAR 2000; Campbell et al. 2003; Campbell and Sayer 2003). 

For ISWM the target system is the solid waste system. This includes the collection of waste as well as 

its treatment, recycling and disposal (McDougall et al. 2001). The waste system does not include 

interlinkages with environmental systems or natural resources outside its own system. Figure 2.1.4 

from McDougall et al. (2001) underlines this. Here, the waste system is within societal boundaries. 

ISWM does not investigate the interlinkages with the environment neither at the input side with 

natural resources nor at the output side with pollution. Inputs in form of energy and raw materials 

and outputs as emission are considered; however, not as interlinkages from, or to the environment.  

 

Figure 2.1.4: Integrated Waste Management within the societal system. 

The target system of IWRM is the water system as derived from the hydrological cycle (GWP 2000). 

In the IWRM definition by GWP (2000) it is additionally mentioned that “land and related resources” 

and their interaction with water are also considered (p. 22). Thus, they are related targets of the 

IWRM approach. However, it is not further defined what these related resources are.  

In summary (see Figure 2.1.5), in INRM, soil/land is the target, while air, nutrients, water and 

biodiversity are related targets. In ISWM, waste is the target system. In IWRM it is water that is the 

main target system while land and other resources are related targets.  

 

Figure 2.1.5: Target systems and related targets of INRM (left), ISWM (centre) and IWRM (right). 

Integration 

Figure 2.1.6 shows a schematic summary of the categories of integration with regard to the 

examined approaches. In INRM it is always land/soil which has to be integrated with biodiversity, air, 

Source: McDougall et al. (2001) 
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nutrients and water. In IWRM seven very different categories of integration exist, while ISWM 

focuses on the integration across waste sources, types, treatment and collection.  

 

Figure 2.1.6: Integration within INRM (left), ISWM (centre) and IWRM (right). 

The question of integration is not prominently featured in INRM. What has to be integrated is not 

described in the INRM literature. Therefore, it must be concluded that the INRM target system 

(land/soil) has to be integrated with its related targets.  

Integration in the approaches refers to much more than integrating different natural components. 

Campbell and Sayer (2003) make this clear when they summarize the work of P. Lal (2001) stating 

that INRM is about integration across different stakeholders, disciplines, scales and components. The 

integration of natural components is rarely addressed in the studied literature and not as 

prominently featured as expected.  

The above statement to integrate across components is not further explained. The term 

‘components’ implies natural components. From this it is concluded that the target system of INRM 

(soil/land) and its related targets (air, water, biodiversity and nutrients) are meant, which then have 

to be integrated with each other.  

Van Noordwijk et al. (2003) address the question of integration in INRM. When they speak of 

integration, they exemplarily refer to agroforestry where the interactions of trees, soils, crops and 

animals as landscape elements lead to environmental services. This implies, in addition to the 

integration between components, also the integration within the target system soil/land. In 

agroforestry, different land uses and soil are integrated. The integration within the soil/land system 

is not further specified here. Thus, it is concluded that in INRM integration occurs within the target 

systems and also between the target systems and its related targets (see Figure 2.1.6). One must 

keep in mind that it is not the INRM approach that states that its target system and related targets 

are also the aspects of integration. This is the interpretation that is done in this article, based on the 

information from the literature.  

For integrated waste management all integration lies within the waste system because ISWM does 

not have any related targets. First, a waste system must be integrated in all solid waste materials, not 

only already recyclable and profitable types of waste (McDougall et al. 2001). Second, all sources of 

solid waste must be integrated reaching beyond the municipal sources to commercial, industrial, 

construction or agricultural waste. A waste management is likely to be more effective if the same 

waste type of several sources can be combined (ibid.). Third, the system must be integrated in 

different collection methods (e.g. curb side collection) (ibid.). Fourth, is the integration of several 

treatment methods that may be combined in relation to the context to reach an effective waste 

management system. This can include the integration of anaerobic digestion, composting, energy 

recovery, recycling or landfilling (ibid.).  



2.1 Learning from Integrated Management Approaches to Implement the Nexus  pg.27 

 

 
 

Thus, the interlinkages in a waste system are manifold. Within a waste system “all processes and 

technically feasible combinations of processes need to be possible.” (McDougall et al. 2001, 113). 

Derived from the above descriptions, integration in solid waste management must consider 

i) interlinkages between all types and sources of waste with, ii) feasible combinations of collection 

and treatment. Within the scope of this article, interlinkages that fall within this definition are 

considered relevant for modelling within the ISWM approach. A category of integration therefore 

includes one of the four aspects and its interlinkages to the other three (see Figure 2.1.6).  

The question of what has to be integrated in IWRM is clearly stated. GWP (2000) dedicates a 

subchapter to this question. Several interactions within the natural system (e.g. water and land) and 

the human system (e.g. cross sectoral integration in national policy) have to be integrated in IWRM. 

Hereby the focus is on the integration of the natural system, where IWRM aims to integrate seven 

interactions described in GWP (2000) or Jønch-Clausen and Fugl (2001). These seven interactions are 

between i) fresh water and coastal water management, ii) land and water management, iii) green 

water and blue water, iv) surface water and groundwater management, v) upstream and 

downstream interests, vi) water quantity and quality and vii) water and wastewater management 

(see Figure 2.1.6).  

2.1.4 Discussion 

This paper assessed i) the intended goals and features of three integrated approaches (Integrated 

Natural Resource Management - INRM, Integrated Water Resource Management - IWRM and 

Integrated Solid Waste Management - ISWM) and two Nexus Approaches (Water-Energy-Food WEF 

Nexus and Water-Soil-Waste WSW Nexus), and ii) how target systems and their integration are 

viewed in each of the Integrated Management Approaches.  

A goal that all approaches, including the Nexus Approaches, have in common is to achieve 

sustainability or support sustainable development. Other common goals among the approaches are 

to consider and synergize various, also conflicting (for the case of IWRM), interests. The approaches 

embrace complexity. While the WSW Nexus maintains a resource management perspective that is 

very similar in its goals to the Integrated Management Approaches, the WEF Nexus adds an explicit 

goal towards policy coherence and informed decision making that includes governance aspects.  

When assessing the features, Integrated Management Approaches seem to have largely moved away 

from purely reductionist and engineering-based approaches towards a more holistic view in 

managing environmental resources. All approaches, including the Nexus, apply systems analysis to 

embrace the complexity that a holistic view entails.   

The terms reductionism and holism seem to be so well known that none of the investigated literature 

goes more into detail on what these terms exactly mean. As they are an important common feature 

of all approaches the terms will be described on the example of agriculture based on Jordan (2013) in 

his writing on Holism vs. Reductionism in Environmental Science.  

“ olism is looking at the properties of a system in its entirety, […]. Reductionism is looking at 

mechanisms that influence these properties” (ibid., 21 ). When observing changes in a system, the 

question that reductionistic science asks is “[w]hat is the mechanism that causes this effect?” (ibid., 

221). Hence, reductionism aims to understand a mechanism or process but without taking into 

account how this influences the dynamic of the entire system. Holistic view is capable of setting 

processes into context with each other with the possibility to increase the effectiveness of the entire 

system rather than one process. This is in line with Jordan (2013) when he states that “… [h]olism is 
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necessary for solving management problems” (ibid., 21 ).  olism, as understood in this article, takes 

a step back to a higher level to see the entire system. This is not static and depends on the view. “A 

physiologist considers cell biology to be reductionistic. A cell biologist considers a molecular biology 

to be reductionistic”  the other way around the upper level is holistic (ibid., 218).  

In addition, all approaches feature the need for a systems approach, interdisciplinarity and the 

participation and inclusion of stakeholders. Considerations on trade-offs and synergies are specific to 

the Nexus Approaches. With respect to considering governance aspects, both Nexus Approaches 

feature this prominently, but also Integrated Resource Management Approaches allude to it (e.g. for 

IWRM – Reform governance arrangements). Both ISWM and INRM also emphasize the need for the 

inclusion of local considerations and making local impact. The Nexus Approaches pick up on these 

aspects in part by focusing on the poor (WEF) or considering different scales (WSW). 

Thus, in terms of goals the Nexus Approaches are very similar to Integrated Management 

Approaches with the addition of clearly wanting to address governance and policy aspects in the WEF 

Nexus. When it comes to features, all systems mostly also coincide with wanting to work with and 

through stakeholders in an inter/transdisciplinary manner while applying a systems approach. Explicit 

governance considerations as well as trade-offs and synergies are features that distinguish Nexus 

Approaches, in part, from Integrated Management Approaches.  

For the Integrated Management Approaches the target systems are clear for IWRM – water, and 

IWSM – solid waste, but less so for INRM – land/soil. The systems of the WSW Nexus are that of the 

resources water, soil and waste (solid or liquid). With the Nexus Approach the relationship between 

different compartments of Integrated Management Approaches has changed. It is not anymore, the 

management of one resource that takes into account related resources, but rather the relation of 

each resource to the other without prioritizing one over the other. The systems of the WEF Nexus are 

Water, Energy and Food. In the WEF Nexus, water supply -, energy- and food sectors and their 

interactions are considered together. Interesting is that Hoff (2011) describes that water still holds a 

crucial role as variable in producing energy and food. Hence, while placing the sectors of food, water 

supply and energy in an equal triangle, water as a resource continues playing a central role for the 

WEF Nexus (ibid.). In summary, Nexus Approaches try to move away from a single-resource centric 

view (WSW) and intend to go beyond resources towards sectors (WEF). 

It cannot be confirmed that integration is clearly addressed in the analysed Integrated Management 

Approaches. Even though very similar in wording integration implies in some cases very different 

things. That integration is simply between the target systems and their related targets identified 

previously was not the case. Examples of integration are wide-ranging, such as integrating policies 

and programs, integrating different sources of waste or integration between subsystems 

(groundwater – surface water) and between systems (water – land). Integration is barely addressed 

conceptually. What integration means is hardly defined in any of the analysed documents. The terms 

target systems, related targets and integration, were given less emphasis within the examined 

literature than one might expect. One assumption is that the term(s) belong to a jargon in which 

everyone is a priori expected to understand its meaning.  

In the conclusion we aim at providing some clarity on this for the Nexus Approaches.  

2.1.5 Conclusion 

By looking at past developments of Integrated Management Approaches one can conclude that they 

have paved the way in favour of the Nexus. Even though, we claim that the term integration lacks 

description on its definition and operationalization, the emergence of “integrated approaches” in the 
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1990s established a wide acceptance of managing environmental sectors and resources in an 

integrated way. This has started within each sector and has – with the Nexus – led to integration 

across sectors and resources. Thus, integrated approaches have indirectly influenced the 

establishment of the WSW Nexus and the awareness that resources must be viewed as interlinked.  

Based on what we learned from Integrated Management Approaches we propose to describe 

integration with the concept of the category of integration and the term aspect which includes 

systems, subsystems and other aspects alike (see Figure 2.1.7). Different aspects of an approach have 

to be integrated. An aspect is defined as “[a] particular part or feature of something” (Oxford 

Dictionary 2017, paragraph 1). In this case, something would refer to the approach. Examples are the 

integration of different systems (e.g. water-land), subsystems (e.g. surface water-groundwater) or 

even other aspects such as waste types-treatment or upstream-downstream.  

To grasp this issue, the concept of the category of integration is suggested here. Such a category of 

integration describes the connection between two aspects of the integrated approach. A category 

may consist of many interlinkages which connect the two aspects. Figure 2.1.7 clarifies this concept 

theoretically (left) and exemplarily for two aspects of IWRM (right).  

 

Figure 2.1.7: Concept of the Categories of Integration in theory (left) and as example (right). 

For the WEF Nexus integration could thus mean to integrate the categories of i) water for energy, ii) 

energy for water, iii) water for food and iv) energy for food (see also Figure 2.1.1). Hoff (2011) 

dedicates a chapter to the “interactions across the  exus” (p. 18) where he describes the before 

mentioned four interactions. Therefore, it must be assumed that these are the categories that should 

be integrated with each other when adopting the Nexus Approach. All three sectors (as categories of 

integration) are considered in the WEF Nexus and integrated with each other which does not 

necessarily mean, that there are interlinkages between all categories in all directions.  

For the WSW Nexus resource integration could revolve around integrating i) water for soil (moisture) 

and soil for water (quality or storage), ii) water for waste (dilution/transport), and iii) (organic) waste 

for soil (amendment), waste (water) for soil (fertilization) and soil for waste (storage).  
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Abstract: The Sustainable Development Goals have placed integrated resources management, such 

as integrated water resource management, at the heart of their targets. The upcoming 

“International Decade for Action—Water for Sustainable Development”, 2 1 –2028 has highlighted 

the importance of promoting efficient water usage at all levels, taking into account the water, food, 

energy, and environmental nexus. While integrated resource management approaches have been 

defined and applied for decades, nexus approaches are more recent. For these latter approaches to 

be implemented on the ground, their system boundaries need to be clarified. While the Water–

Energy–Food Nexus focuses on sectors, the Water–Soil–Waste Nexus addresses linkages between 

environmental resources–namely water, soil and waste—to tackle sustainable management. In this 

paper, we analyzed integrated management systems and how their system boundaries are defined. 

From this we determined that in order for system boundaries to be applicable, they should be clear, 

wide and flexible. Based on this, we propose the boundary of the Water–Soil–Waste Nexus system. 

We use two case studies to exemplify the usefulness of these system boundaries. 

Keywords: integrated water resources management; integrated natural resources management; 

integrated solid waste management; Water–Energy–Food Nexus; boundary 
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2.2.1 Introduction 

In September 2015, the United Nations Member States adopted the Sustainable Development Goals 

(SDGs) to promote a global transformation towards more sustainability. The SDGs are more 

comprehensive than their predecessors, the Millennium Development Goals, which were often 

criticized for not adequately considering the environmental dimension of sustainability. Water and 

the integrated management of natural resources are important and interlinking subjects in the SDGs. 

Hence the United Nations General Assembly, as of 25th November 2016, encouraged member states 

and all relevant partners to contribute to the International Decade for Action, “Water for Sustainable 

Development”, 2 1 –2 2 . The upcoming “Water Decade” builds on the momentum gained during 

the International Decade for Action, “Water for Life”, 2   –2015, in order to support the 

implementation of the SDGs.  

The discussion that resource management needs greater integration reaches beyond the SDGs. It is 

ongoing in science and intergovernmental meetings since the middle of the 20th century (Wichelns 

2017). Integrated water resources management (IWRM) has a long history—of over half a century 

(Biswas 2004; White 1998). Consequently, and with the momentum of sustainable development in 

the 1990s, different integrated environmental management approaches appeared. Examples besides 

IWRM (White 1998; Jeffrey and Gearey 2006; Biswas 2008; Mukhtarov 2008), are integrated natural 

resources management (INRM) (Wichelns 2017; CGIAR 2000; Campbell, Sayer, and Center for 

International Forestry Research 2003) and integrated solid waste management (ISWM) (McDougall 

and White 2001; Marshall and Farahbakhsh 2013). In general, these approaches aim at optimizing 

the use of one compartment while considering its effect on related fields. Common to these 

approaches is a holistic view (e.g., INRM (Hagmann et al. 2003), ISWM (Marshall and Farahbakhsh 

2013), IWRM (Savenije and Van der Zaag 2008)) and a systems approach (INRM, IWRM (Wichelns 

2017), ISWM (Marshall and Farahbakhsh 2013)). 

2.2.1.1 Definition of Concepts: Systems, Systems Analysis and Boundaries 

Holism requires systems analysis. Smithson et al. (2008) mention that systems analysis is a method to 

investigate complex systems and define it as “… [t]he study of systems, for example hydrological 

systems, atmospheric systems and ecosystems in physical geography.” (p.   2). A system is defined 

as “a set of interconnected parts which function together as a complex whole” ((Smithson, Addison, 

and Atkinson 2008), p. 9). It is characterized by processes (e.g., fluxes), stores (e.g., a soil profile) and 

subsystems (e.g., groundwater in the hydrologic cycle) [ibid.]. The processes are often the key 

component to understand the system. In this article, we refer to processes as strictly (bio-)physical 

processes in the natural environment or in urban systems (e.g., water or waste fluxes).  

Systems within the physical environment (see e.g., (Smithson, Addison, and Atkinson 2008; Bennett 

and Chorley 1978)) are located within a boundary. Within this context, we understand the system 

boundary as the borderline (limit) that marks the geographic area (extent) of a system. It is the area 

in which physical processes are sought to be analyzed in systems analysis.  

Environmental systems are most often so-called open systems, where matter and energy may 

transfer across system boundaries (both in and out). Examples are agricultural ecosystems or aquifer 

systems. Water enters and exits the system across their geographic boundary. The chosen 

boundaries define the system under analysis. In hydrology the chosen catchment size depends on 

whether the water system of a large river or of only one of its tributaries is analyzed. The inputs and 

outputs to the system can vary significantly depending on the chosen system boundary. 



pg.36  CHAPTER 2 

 

Environmental systems are interlinked and often not easy to separate; yet when applying systems 

analysis, the system under investigation needs to be clearly described by defining its boundaries, for 

instance for the set-up of numerical models. Defining the boundaries is important and often 

challenging. Meadows and Wright (2009) put clear words to it in saying that “… [i]f we’re to 

understand anything, we have to simplify, which means we have to make boundaries” (p.   ). They 

go on to explain that “… [w]here to draw a boundary around a system depends on the purpose of the 

discussion”  and “… [t]he lesson of boundaries is hard even for systems thinkers to get. There is no 

single, legitimate boundary to draw around a system. We have to invent boundaries for clarity and 

sanity […]” [ibid.]. It is exactly the purpose of this paper to describe the boundary of the water–soil–

waste system in order to make the Water-Soil-Waste Nexus Approach (WSW Nexus) operational, yet 

keeping in mind that the scale of the WSW Nexus may not be identical to the boundaries of the WSW 

System (see on that issue e.g., (Mandelbrot 1981)).  

2.2.1.2 The Rationale for Framing the Boundaries of Resource Flows 

As the definition of boundaries is crucial to systems analysis, a question that all approaches have to 

address is: what are the boundaries of a system within which the interlinkages can be most 

effectively grasped and analyzed? The integrated approaches under analysis in this article (IWRM, 

INRM, ISWM) have addressed interlinking principles within holistic management in the past decade 

(examples are (Jeffrey and Gearey 2006; Biswas 2008; CGIAR 2000; GWP 2000)).  

In recent years the nexus debate entered the discussion of integrated management with the Water–

Energy–Food Nexus (WEF Nexus) (Hoff 2011). The novelty in this approach lies in revealing tradeoffs 

and synergies to be considered in decision making amongst sectors aiming at food, energy and water 

security [ibid.]. There are some examples of analyses and methods to assess the WEF Nexus (see 

(Endo et al. 2015; Al-Saidi and Elagib 2017)); yet Cairns and Krzywoszynska report that there is a “… 

lack of clarity or consensus around the degree to which there is a recognizable ‘nexus methodology’.” 

((Cairns and Krzywoszynska 2016), p. 166). The WEF Nexus also does not seem to be clear regarding a 

boundary that marks something like a water–energy–food system.  

By focusing the debate on the interlinkages of resources and resource flows, the WSW Nexus intends 

to show the benefits of an integrated assessment and management of the resources soil, water and 

waste (Schwärzel, Huelsmann, and Ardakanian 2014). As an even younger concept than the WEF 

Nexus, the WSW Nexus is lacking a clear methodology for its implementation or operationalization 

on the ground as well as a common definition within which boundaries resources interlinkages are 

most effectively analyzed. With this present study we want to understand which elements are 

needed to make the WSW Nexus applicable to real world examples. A first step in systems analysis is 

the definition of the boundary of the system, with this in mind, we aim at assessing which boundary 

may be the most effective one when analyzing water, soil and waste flows of the water–soil–waste 

resources system.  

To define the boundaries of the WSW Nexus as a new system we compare and contrast the question 

of boundaries of integrated management approaches that focus on any of the three resources: 

water, soil or waste. We attempt to describe the water–soil–waste resources system and its 

boundaries to derive the level at which the physical processes between water, soil and waste can be 

analyzed to create knowledge and eventually inform decision making in environmental governance.  

The objectives of this paper are to (i) describe the systems of the integrated management 

approaches and the WEF and WSW Nexus, (ii) examine the boundaries of systems analysis in these 

approaches and draw lessons learned, (iii) based on this, propose the system boundary for the WSW 
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Nexus and (iv) show—with two case studies—how this boundary is useful in the application of the 

WSW Nexus.  

2.2.2 An Overview of Integrated Approaches Related to the WSW Nexus 

Below is a brief description of the three integrated management approaches (ISWM, INRM, IWRM) 

and the two nexus approaches (WEF, WSW). 

2.2.2.1  Integrated Solid Waste Management 

ISWM grew out of the waste management constituency as an approach to handle the increasing 

amounts of solid waste generated in the developed world in the past decades. The idea is that the 

many options of waste management in collecting, transporting, treating and disposing of waste must 

not only be considered in simple comparisons, but scrutinized following an approach that can 

improve economic and ecological efficiency through systemic and scientific approaches (Abounajm 

and Elfadel 2004).  

The definition of integrated waste management is given in the prominent book, Integrated Solid 

Waste Management (McDougall and White 2001).  

“Integrated Waste Management systems combine waste streams, waste collection, 

treatment and disposal methods, with the objective of achieving environmental benefits, 

economic optimisation and societal acceptability. This will lead to a practical waste 

management system for a specific region.” ((McDougall and White 2001), p. 15).  

In ISWM, it is not necessarily the case that one resource (waste) is integrated with other 

environmental resources. It is rather the integration of different waste materials, sources of waste, 

collection practices, as well as a combination of the varying treatment methods such as incineration, 

anaerobic digestion, landfilling or recycling (McDougall and White 2001). The European Commission 

went beyond the goals of ISWM. In communication COM/2014/0398, the EU discusses the concept 

of the circular economy towards a zero-waste program for Europe. The overall scope of a circular 

economy approach in ISWM is to reduce residual waste streams as far as possible in order to close 

material cycles. This is an objective that is also aimed to be achieved in developing countries (Petra 

Schneider et al. 2017).  

2.2.2.2 Integrated Natural Resources Management 

INRM grew out of the agricultural constituency as a research and development paradigm. The 

approach of INRM is a systems approach that aims to impact the quantity and quality of more than 

one resource (Wichelns 2017).  

The definition we refer to in this paper of INRM stems from the Consortium of International 

Agricultural Research Centers (CGIAR), organized as a global agricultural research partnership with a 

similar structure to the Global Water Partnership (GWP). At its second workshop on INRM research in 

the CGIAR in 2000, the INRM approach was defined as:  

“… a conscious process of incorporating multiple aspects of natural resource use into a 

system of sustainable management to meet explicit production goals of farmers and other 

uses (e.g., profitability, risk reduction) as well as goals of the wider community 

(sustainability)”. ((CGIAR 2000), p. 5) 

INRM is thus an approach that focuses on improving the life of farmers at the farming or household 

level through applied integrated research, participation, continued adaptation and learning.  
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2.2.2.3 Integrated Water Resources Management 

Hydrologists and water engineers—familiar with systems analysis—used the increasing 

environmental awareness and global sustainable policy momentum in the 1990s to put forward the 

approach of IWRM (Allouche 2016) as a systems approach to the study of water resources (Wichelns 

2017) and an interdisciplinary and holistic way of managing them.  

The approach was coined with milestones such as the Dublin Principles and the Agenda 21 in 1992, 

the foundation of the GWP and the World Water Council in 1996 and the decision to prepare 

integrated water resources management and water efficiency plans at the Earth Summit in 

Johannesburg 2005. 

The definition of IWRM that is most widely accepted was given by GWP in 2000 stating that IWRM is:  

“… a process which promotes the coordinated development and management of water, land 

and related resources, in order to maximize the resultant economic and social welfare in an 

equitable manner without compromising the sustainability of vital ecosystems.” ((GWP 

2000), p. 22) 

Today, IWRM is the leading and most widely accepted paradigm of water management. Even though 

controversially discussed and criticized the aim of implementing IWRM around the globe is ongoing, 

with varying levels of success. The dedication of SDG 6.5 to IWRM shows its high level of importance 

on the agenda in today’s approaches to manage water resources (United Nations 2015). 

2.2.2.4 The Water–Energy–Food Nexus 

The increasing scarcity of water, food and energy and an increasing demand by a growing 

populations and changing lifestyles were called the “perfect storm” to arise in 2 3  by Beddington 

(2009), who strikingly described the inextricable linkages between the nexus compartments.  

Some years later—with a report on the Water-Food-Energy-Climate Nexus by the World Economic 

Forum, the nexus conference background paper “ nderstanding the  exus” by  off (2011) and its 

proceeded conference on the WEF Nexus in Bonn—the WEF Nexus gained momentum in 

international organizations until today (Leck et al. 2015).  

A generally agreed-upon definition of a nexus approach has not yet emerged. However, at the dawn 

of the nexus approach and in preparation for the Bonn 2011 nexus conference, the background 

paper prepared by Hoff (2011) has greatly influenced the shaping of the approach. In his view, the 

WEF Nexus lies within the context of achieving water-, energy-, and food security in an emerging 

green economy. Within that context, the WEF Nexus aims to support such a transition through 

achieving greater policy coherence and higher resource use efficiency [ibid.]. Through reducing 

trade-offs and building synergies, the intentions of the WEF Nexus are to increase the security of 

water, energy and food, which would result in secure access for all the worlds people [ibid.]. This is 

based on three principals: (1) “investing to sustain ecosystem services” as they lay the basis of our 

needs as natural capital, which can draw on investment when incorporated into national accounting; 

(2) “creating more with less”, as the green economy depends on amplified efficiency to combat 

resources scarcity  (3) “accelerating access, integrating the poorest” aims to reduce poverty, while 

accelerating development and sustainability (ibid., pp. 14–15).  

2.2.2.5 The Water–Soil–Waste Nexus Approach 

The WSW Nexus is in close relationship to the WEF Nexus (UNU-FLORES 2015). While the WEF Nexus 

focuses on sectors, the WSW Nexus asks how resources should be managed to tackle sustainable 
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management (UNU-FLORES 2015). In particular, the addition of waste as a resource dimension that 

often gets omitted in the sector-based approaches shall arguably result in more effective and 

efficient solutions to problems. By moving away from sectors to resources, the possibility for a 

stepwise approach of the analysis of the varieties and options of resource interlinkages is given. First, 

natural science processes such as material fluxes and respective scenario building can be assessed. 

Then corresponding socioeconomic benefits can be determined for the respective scenario options. 

Ultimately, context-specific solutions and potential overarching policy recommendations can be 

developed and chosen.  

The WSW Nexus Approach is described as follows: 

“The Nexus Approach to environmental resources’ management examines the inter-

relatedness and interdependencies of environmental resources and their transitions and 

fluxes across spatial scales and between compartments. Instead of just looking at individual 

components, the functioning, productivity, and management of a complex system is taken 

into consideration” (UNU-FLORES 2015).  

The need and usefulness of the WSW Nexus is described by Hülsmann and Ardakanian (2014) while 

Kurian and Ardakanian (2015) assess the governance needs for the Nexus.  

 

2.2.3 The System Boundaries of Integrated Environmental Management Approaches 

In the following, we assess the boundaries of the previously described systems. We further describe 

their strengths and weaknesses in the context of the approach to draw lessons for the WSW Nexus.  

2.2.3.1 Integrated Solid Waste Management 

ISWM analysis takes place within municipal or intermunicipal boundaries that mark the waste 

system. The waste system is spatially comprised of the sources of waste, collection and transport as 

well as treatment including reuse, recycling or disposal (McDougall et al. 2001). It is apparent that 

this system is designed and operated by humans and is not spatially bound by environmental but 

social boundaries. ISWM aims to integrate the above-mentioned waste related processes which 

mainly occur within the administrative boundaries of the municipality, also including the city or town 

level (Memon 2010). It is a strength of the waste system that in terms of waste flows within the 

municipality, the boundaries are clearly defined.  

Several case studies and examples reflect these boundaries, such as the solid waste authority of the 

county of Palm Beach in the USA (Kollikkathara, Feng, and Stern 2009), the municipality of 

Kalundborg in Denmark, the city of Thessaloniki in Greece (Koroneos and Nanaki 2012) or several 

other cities in Asia (Othman et al. 2013). ISWM is also conducted in settings similar to municipalities 

such as the industrial park level in Tianjin city (Geng, Zhu, and Haight 2007). However, as the range of 

management options increases with integrated methods the boundary may also expand. McDougall 

et al. (2001) describe that IWSM benefits from the economy of scale when organized on a larger level 

than a single municipality. They argue for an area upwards of 500,000 households. This requires 

combining waste streams of different municipalities which is already common practice since many 

years in several places around the world [ibid.].  

Often the waste system does not operate strictly within a single municipality anymore with different 

processes (recycling, landfills, reuse) located outside a municipality’s boundary (Menikpura, Sang-

Arun, and Bengtsson 2013). In addition, the control of the waste management system is difficult, as 



pg.40  CHAPTER 2 

 

waste management is often compartmentalized with several independent private operators that are 

in charge of collection or treatment steps (Marshall and Farahbakhsh 2013). Taking this into 

consideration expands the boundary of ISWM to an intermunicipal level wherever appropriate. For 

analysis of waste streams, it is a weakness that the boundary definition is prone to become 

ambiguous when it exceeds the municipal boundaries.  

Waste systems can be analyzed by using Life Cycle Inventory Assessment (McDougall et al. 2001) or 

Material Flow Analysis (Brunner and Rechberger 2005) approaches. Central to these methods is the 

definition of the boundary of the system. It is defined around the waste system, within municipal or 

intermunicipal boundaries.  

2.2.3.2  Integrated Natural Resources Management 

INRM is promoted mainly at a local level based on agroecosystems. However, a strong emphasis is 

also across different ecosystems and social boundaries. INRM focuses on the interactions of 

agricultural activities with the surrounding environment. On the one hand agricultural activities are 

to some extent derived and influenced by the conditions of ecosystems but are, on the other hand, 

heavily dominated by social arrangements rather than natural boundaries. Hence INRM aims to 

consider both boundaries.  

The focus of INRM activity is often local. With its background in farming systems research, INRM 

seeks to build the capacity of farmers and other natural resources managers (Douthwaite et al. 

2004), while placing the farmer at the household or field level at the center of activities (Twomlow, 

Love, and Walker 2008; Harwood et al. 2006). This is as strength in the approach, that when systems 

analysis is being conducted the farm level provides a tangible and practical boundary definition.  

When looking at INRMs key principles, it can be seen that the approach reaches beyond the 

boundary of the farm level. I RM aims for “multiple scales”—spatially and temporally. Well aware of 

the complexity, Sayer and Campbell (Sayer and Campbell 2003) recognized a biophysical component 

reaching from the single farming plot to the global level. In further descriptions of the approach the 

focus remains on the multitude of scales with the ecosystems as boundary of influence (Brunner and 

Rechberger 2005). Hence ecosystems, or agroecosystems of varying sizes from plot level to ecozone 

or social units from the village to national level that cross scales and boundaries are discussed 

(Harwood et al. 2006). 

The boundary around the ecosystem or agroecosystem seems to remain constant. Yet the spatial 

dimension of scale is unclear (multitude of scales) and the boundary of the ecosystem seems 

unpractical when exceeding the farm level. 

Examples of the INRM paradigm can be seen from case studies where the focus of analyzing the 

system was often local. Hagmann et al. (2003) show how research spanned from the plot level up to 

the policy sphere. Different agricultural techniques were implemented at the farm level, such as soil 

fertility and water conservation. Afterwards, efforts were made to scale up to community, catchment 

or district level. Douthwaite et al. (2004) introduce agricultural research projects on subcounty (in 

Uganda), village (in Nigeria) and pilot site scales (in Zimbabwe).  

2.2.3.3 Integrated Water Resources Management 

In IWRM, the boundaries for analyzing water resources is usually the river basin or catchment, 

derived from the water system i.e., the hydrological cycle. As water moves defined by natural 

boundaries, water quantity and quality can best be studied within the boundaries of the basin or 

catchment. As the approach of IWRM was derived from hydrologists and water engineers (Allouche 
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2016), the natural boundary of the basin is the preferred at which to assess water flows in contrast to 

socially constructed boundaries such as administrative borders. It is considered a strength of the 

approach that analysis of the water system is done bound by the basin as it is hydrologically speaking 

the most useful idea.  

That the basin is the logic unit for IWRM was consolidated in the Dublin Principle Nr.1, the Agenda 21 

(Chapter 18.9) and in the defining work of GWP (2000). It further received positive attention in 

subsequent meetings such as the World Water Forums, the International Freshwater Conference in 

Bonn (2001) or the Johannesburg Earth Summit 2002 (Graefe 2011). Since then, the basin as 

management unit in IWRM is widely accepted (Graefe 2011; Houdret, Dombrowsky, and Horlemann 

2014; Rahaman and Varis 2005; Jonch-Clausen and Fugl 2001; Savenije and Van der Zaag 2008).  

Major objectives of IWRM concerning the basin are the development of river basin plans and the 

establishment of river basin organizations. However, the World Water Development Report 2012 

states that the implementation of these objectives to prepare and implement IWRM plans “remains 

unsatisfactory and well behind target” ((Unesco 2012), p. 139).  

Hence, in recent years these objectives have received critique and it is questioned whether the basin 

is the appropriate unit to manage water resources. Many also warn to impose a common framework 

without bearing in mind the local or national specifications and are skeptical towards the capability 

of river basin organizations or countries to implement IWRM in an effective way (Petit 2016).  

Firstly, the critique concerns the problem of fit. Intangible values of economics and societies that 

reach beyond the edges of a river basin complicate the process of IWRM (Martínez Santos 2014) and 

create a complicated overlapping of authorities in decision making (Houdret, Dombrowsky, and 

Horlemann 2014). The creation of river basin organizations as a solution may increase not only 

political resistance and radically different socioecological situations, but also raises issues of 

democratic representation and legitimacy (ibid.). Graefe (2011) describes the shift to IWRM as a 

“depoliticizing of water management” with “expert environmental administrators” as decision 

makers rather than governments (p. 26). 

Secondly the justification for the basin as a boundary of water is being challenged as variables can 

surpass the river basin boundary. Water physically flows beyond the river basin through interbasin 

transfer projects (14% of global water withdrawals). This is likely to quadruple institutional 

management complexity (Gupta and van der Zaag 2008). In addition, the concept of virtual water 

demonstrates how water is indirectly diverted between basins around the globe (Martínez Santos 

2014). 

On the one hand, some cautiously question if the basin is the only appropriate unit in its broad sense 

for IWRM and show examples where nonintegrated management was successful to argue that 

alternatives to IWRM may not be ignored (Giordano and Shah 2014). On the other hand, IWRM is 

heavily criticized for its “basin fetishism” and it is warned from privileging only one scale to the 

increasingly complex tasks of water management (Graefe 2011, p. 26). What is hydrologically useful 

is altered due to human activities, revealing the weaknesses of systems analysis by using the basin as 

the boundary of water flows.  

Despite the scholarly debate, assessments in the context of IWRM such as the modelling of surface 

water and groundwater quantity and quality and other processes are based on the water system and 

hence the river basin or catchment is still the preferred boundary when analyzing water resource 

flows.  
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2.2.3.4 Water–Energy–Food Nexus  

The question of boundaries in the WEF Nexus is not straightforward. While several authors address 

the issues of scales, there is no consideration or description of what exactly the water–energy–food 

system is and by which boundary it is enclosed. The dimensions of the WEF Nexus—even more than 

in the upper approaches—occur through their interlinkages at various and overlapping scales. It is 

widely accepted so far that the WEF Nexus must understand and address its dimensions across all 

scales; what this means and how this is connected to system boundaries remains unclear.  

In contrast to other system approaches, the WEF Nexus has to consider and understand three 

different systems or sectors—agriculture, energy and water—and the interlinkages occurring at 

different and overlapping levels. Leck et al. (2015) describe that interventions through the food, 

energy or water sectors need to carefully consider the entry point. This makes the consideration of 

boundaries so central to the Nexus Approach (ibid.). That the WEF Nexus considers the interlinkages 

of these three critical sectors is indeed a strength of the approach.  

After the WEF Nexus gained popularity in 2011, it seems to be the common understanding that the 

Nexus Approach must be considered at all scales or across scales respectively (Hoff 2011; Leck et al. 

2015; Lawford et al. 2013; Yillia 2016), or at least at different scales (Endo et al. 2015; Lawford et al. 

2013; Ringler, Bhaduri, and Lawford 2013). What is exactly meant with the term “scale” in these 

cases is ambiguous. Authors refer to scales e.g., in terms of governance and decision making (Hoff 

2011; Leck et al. 2015; Yillia 2016), local, national, global etc. (Hoff 2011; Endo et al. 2015; Lawford et 

al. 2013; Yillia 2016) or spatial scale (Hoff 2011; Endo et al. 2015; Lawford et al. 2013; Yillia 2016; Leck 

et al. 2015). The authors do not further describe these terms. When speaking of scales, no boundary 

considerations are made that explain the extent of the water–energy–food system and clarify how 

systems analysis can investigate the WEF Nexus.  

2.2.4 What Is Different This Time?—The Boundary of the Water–Soil–Waste Nexus System 

The three integrated approaches (INRM, IWRM, ISWM) discussed above have some commonalities 

regarding the boundaries marking the respective system (see   
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Table 2.2.1). They consider the system boundaries of the central compartment marking what system 

is analyzed, including interlinkages to related compartments or resources. For example, in IWRM the 

water system is often analyzed within the boundaries of the basin in which its interlinkages with land 

and other related resources are assessed. The WEF Nexus reveals that the interlinkages of the three 

sectors are increasingly complex as interlinkages range from a local level (e.g., villagers’ deforestation 

for fuel resulting in decreasing water quality of local water resources through erosion) to a global 

level (global trade in fossil fuels, bioenergy, food and virtual water). Drawing distinct boundaries to 

assess those varying levels of interlinkages to assess their trade-offs and synergies basically becomes 

impossible.  
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Table 2.2.1: Integrated management approaches consider different systems and boundaries for their systems analyses and 
entail different strengths and weaknesses. 

 ISWM INRM IWRM WEF Nexus 

Considered 
system 

Waste system  Agricultural system Water system  
Water-, 

Energy-, Food 
System 

Derived from  
Municipal  

administration 

Ecological and  
administrative 

boundaries 

Hydrologic  
cycle 

 

Boundaries  
Municipality to 

intermunicipality 
Farm to ecoregion 

Catchment (any size) 
to river basin 

Multiple and 
unclearly 
defined  

Strengths  
Clearly defined by 

municipal boundaries  
Tangible focus on the 

farm level 
Hydrologically useful 

Considers 
critical and 
interlinked 

sectors 

Weaknesses  

Boundary definition is 
ambiguous when 

exceeding the 
municipality  

Unclear or unpractical 
use of boundary 

considerations when 
exceeding the farm level 

Altered hydrological 
usefulness through 
interbasin transfer 

(real and virtual 
water)  

Boundaries are 
not explained 

or defined.  

When analyzing the interlinkages of water, soil and waste, how are the boundaries to be drawn? 

From the analysis above (see   
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Table 2.2.1), we discovered that the water system, e.g., within IWRM, is analyzed at the basin or 

catchment level; the soil system, as per INRM, functions from farm level to ecoregion; and the waste 

system, as in the ISWM, is analyzed within the boundaries of a municipality or between them. We 

learned from the analysis of the integrated systems that the boundaries of the systems need to be (a) 

wide enough (to avoid microanalyses of plot levels as in some cases of INRM), (b) clear (to avoid 

confusion as in the WEF Nexus), and (c) flexible enough to accommodate varying needs (to avoid 

geographic constrictions as is the case of the basin discussions in IWRM).  

The goal of the WSW Nexus is to increasingly understand the interlinkages between the three 

resources: water, soil and waste. Analyzing the WSW Nexus within the boundaries of only the 

watershed, just an ecosystem or exclusively within a municipality, will not necessarily properly 

consider the WSW Nexus system as a whole and hence not be wide enough. However, to be as clear 

as possible, the WSW Nexus will have to operate within the smallest common geographic area of the 

physical interlinkages of the three resources, e.g., at the overlap of the resources systems under 

investigation. The overlap of the two or more resources systems and thus their interlinkages vary 

significantly depending on the context they are investigated at thus allowing for the needed flexibility 

of its boundary. We define the boundary of systems analysis under the WSW Nexus as the 

geographic area where at least two systems overlap and thus form the WSW Nexus system.  

Whereas processes within each of the resource’s systems, namely the water system, the soil system 

and the waste system, will have to be analyzed, they are considered to be external to the system of 

the WSW Nexus and their results will be considered as external inputs (see Figure 2.2.1). 

 
Figure 2.2.1: The water–soil–waste (WSW) Nexus system as the area where at least two resources systems overlap. 

The results of the processes occurring within each system analyzed within their respective 

boundaries, i.e., water at the basin level, soil at the farm level, and waste (water) at the municipal 

level, will serve as input values to the WSW Nexus system. Of particular interest are the points in a 

resource flow or chain, where the interaction of the two systems is apparent. The WSW Nexus 

system itself will however not carry out the relevant analyzes of the processes of the underlying 

individual resource systems (e.g., hydrological modelling of the catchment to assess the changes in 

flow). The WSW Nexus system will take these external values, from the respective systems 

specialists, as drivers and inputs to the analysis of the interlinkages of the overlap.  

The analysis of physical interlinkages within this system should ultimately aim at revealing benefits 

through increased resource use efficiency. There are different examples of benefits due to increased 
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resource use efficiency. They can be direct efficiencies such as enhanced crop yields due to 

application of recycled nutrients or irrigation strategies, increased water productivity through 

industrial reuse or reduced waste (sludge, wastewater) from wastewater treatment plants through 

reuse. Resource use efficiency can however also extend towards more indirect, socioeconomic 

benefits such as food and energy security, increased public health and better risk management.  

 

2.2.5 Illustrating the Boundaries of the WSW Nexus System—Case Studies  

The WSW Nexus has so far not been applied extensively in situ. Below we will consider two cases to 

showcase the added value of assessing resource flows in an interconnected manner under the WSW 

Nexus. They illustrate how the boundaries of the WSW Nexus system facilitate assessing the 

interlinkages of these resources and material fluxes.  

The first case study illustrates a problem that is typically assessed in a disconnected manner either at 

the catchment level, a farm level, or within a municipality. By assessing resource fluxes individually, 

other resource flows and respective benefits are omitted. We argue that assessing interconnected 

resource flows opens up avenues for asking different questions and therefore also obtaining new 

answers, such as safe wastewater reuse in agriculture for enhanced yields, or managed aquifer 

recharge through interbasin transfer. The view through the lens of the WSW Nexus boundaries helps 

on the one hand to assess these resource flows in this new context but restricts this analysis to a 

clearly defined geographic area on the other hand, thus reducing unnecessary complexity of the 

problem. By considering the inputs of the respective water, soil and waste systems as external 

factors and drivers into the WSW Nexus system, the issue of the boundaries of those systems is 

deferred to the respective systems and thus the respective subject matter experts (e.g., hydrologists 

to determine the size of the catchment to assess the water quantity entering the WSW Nexus 

system).  

The second case study shows the WSW Nexus system on a confined geographic area, that of an 

industrial park. Again, the perspective of the WSW Nexus helps assess resource flows in combination, 

in this case those of water and waste (water), instead of analyzing each resource system 

independently. By doing so, clear benefits can be derived. The material flux analysis reveals benefits 

in the form of freshwater savings and reduced wastewater disposal necessities. The view through the 

lens of the WSW Nexus system helped disclose these benefits. 

2.2.5.1 Mexico City and Mezquital Valley 

The Benefit of Interlinked Resource Assessment under the WSW Nexus 

With more than 2  million inhabitants, rapidly growing Mexico City is among the world’s largest 

metropolitan areas. This has caused serious human and environmental health concerns going far 

beyond its administrative municipality’s boundary, e.g., (Connolly 1999; Aguilar 2008). As the city has 

no wastewater treatment system, a 32 km long tunnel (6 m in diameter) was constructed in 1900 to 

take rainwater and wastewater from the naturally closed drainage basin of Mexico City to the 

Mezquital Valley situated 80 km north of the city.  

About 60 m3/s is discharged into the Mezquital Valley by the network of channels and tunnels 

(Hernandez-Espriu et al. 2017). The Mezquital Valley is the largest agricultural area irrigated with 

untreated wastewater in the world, with an area of 90,000 ha (Hettiarachchi and Ardakanian 2016). 

The use of wastewater represents a valuable resource in regional agricultural production, due to: (i) 

the continuous supply of irrigation water; and (ii) the repeated nutrient input to the soil. As a result, 
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wastewater irrigated agriculture provides five times the maize yield (10.0 t/ha) than rainfed maize 

(2.0 t/ha) (Hettiarachchi and Ardakanian 2016). Other crops such as lucerne or fodder oats as well as 

vegetables are also produced. Three agricultural districts (Tula, Alfajayucan and Ajacuba) are directly 

benefitting from this wastewater irrigation scheme. In terms of water balance, Hernandez-Espriu  

(2017) further pointed out that the transition from unmanaged to managed aquifer recharge is 

expected to provide multiple benefits to the inhabitants of the valley. 

Several scientific studies describe specific impacts of serious health-related and environmental issues 

and support the recent opinion of Siebe et al. in (Hettiarachchi and Ardakanian 2016), who concluded 

there is a need to improve the ongoing management of the system.  

The Boundaries of the WSW Nexus  

Assessing the interlinkages of the resources water, soil and waste reveals agricultural benefits within 

the Mezquital valley. If we limit our toolbox to the known systems analyses (INRM, ISWM, IWRM), 

defining the optimal boundaries for the analysis of interconnected resource flows becomes difficult. 

(1). Water: Basin boundary—not (or partly) applicable (interbasin transfer; anthropogenic 

wastewater transfer from the endorheic basin of Mexico City to the neighboring basin of the 

Mezquital Valley).  

(2). Soil: Plot level or agroecosystem level—partly applicable (considering wastewater as an 

input into the system). 

(3). Waste: Municipal administrative boundary—not applicable (the wastewater that is produced 

in one state is transferred to another: Mexico state vs. Hidalgo state). 

Therefore, all the existing approaches defined by a resource-specific boundary (INRM, ISWM, IWRM) 

are failing in the attempt to capture the boundaries for the assessment of resource flows in this case. 

The WSW Nexus system, being defined as the geographic area where at least two systems overlap, in 

this case relates to the fields (soil system) that receive the wastewater (waste system) from Mexico 

City. The WSW Nexus system reveals benefits through increased resource use efficiency, which in this 

case is given by the increased yields in the areas irrigated with wastewater. Figure 2.2.2 describes the 

WSW Nexus system of this case study in a conceptual way. 

In this system, we consider the amount of water entering the overall water–wastewater scheme 

(81.9 m3/s) as an external input from the water system to the WSW Nexus system. The same applies 

to the inherent condition of the soil (e.g., nutrient content, type of soil, etc.) or the quality of the 

wastewater (e.g., existence of treatment system). This intends to reduce the overall complexity of 

the analysis to be able to focus exclusively on the interconnections of resources to reveal benefits of 

combined assessment. The boundaries of the respective water, soil and waste systems are however 

still defined by their respective scholars (e.g., the plot level for assessing soil fertility changes by soil 

scientists).  
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Figure 2.2.2: The WSW Nexus system is bound by the overlap of the wastewater system of the municipality and its use for 
irrigation on the soil system of the agroecosystem. The water system is external to the WSW Nexus system providing the 
water to the waste system. (The figures show a concept and do not reflect actual geographic information). 

2.2.5.2 Mourcheh Khort Industrial Park  

The Benefit of Interlinked Resource Assessment under the WSW Nexus 

The model settlement Mourcheh Khort is an existing industrial park in the Isfahan province in central 

Iran, which is used to develop an eco-industrial park (EIP) concept through industrial symbiosis as 

part of a German–Iranian IWRM research project (Raber and Mohajeri, n.d.). Mourcheh Khort is 

located about 50 km north of the city of Isfahan in the catchment area of the Zayandeh Rud. 

Approximately 500 small and medium sized industrial units with in total 17,000 employees from the 

food, metal, mineral, textile, plastics, paper and chemical industries are located on 582 hectares.  

Process water in the model settlement originates partly from a central supply network fed by a large 

deep well but mainly from private wells at each factory. Groundwater from these wells is often 

pretreated by reverse osmosis on-site to reduce salinity and hardness. According to interviews with 
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industry managers, water tables of private wells have been dropping severely due to overuse and 

drought in the past years (pers. comm. W. Raber with industries in Mourcheh Khort, 2016).  

Wastewater from industries is mainly disposed to the sewage system connected to a central 

treatment plant constructed in 2011 (Piadeh, Alavi Moghaddam, and Mardan 2014). However, 

particularly industries with small wastewater production dispose their water often by tankers outside 

of the industrial park, in order to save costs for connection to the sewage system (pers. commun. W. 

Raber with Park Management Mourcheh Khort, 2016).  

The anthropogenic cycles of the industrial ecology follow three principles of interrelating 

mechanisms: (a) the bilateral principle (simple connection between two industries), (b) the nucleus 

principle (connection from one to several other industries), or (c) the cascade principle (a 

comparatively complex series of bilateral links) (von Koerber 2016). A material flow analysis (MFA) 

was applied to quantify the industrial water use applying STAN (subSTance flow Analysis, (Cenic and 

Rechenberger 2008)). 

The results of the case study (see Table 2.2.2) show that depending on the interlinking principle, a 

different stage of water-saving efficiency can be achieved. The focus of industrial symbiosis is on 

beneficial interfaces between companies through their material fluxes with the overall scope of a 

circular economy for water, waste, energy, and information. In this way, industrial symbiosis can be 

considered per se as a Nexus based concept. A view on industrial symbiosis under a Nexus Approach 

leads to a changed perspective on substances and energy cycles, from the life cycle of a product or 

service to the life cycle of a resource as compartment of the natural capital (P. Schneider and 

Lüderitz in press). From our point of view, the discussed bilateral, nucleus and cascade principle can 

be used to assess different types of resource flows within the WSW Nexus. 

Table 2.2.2: Potential reductions and savings in water consumption and wastewater production relative to the different 
interrelating mechanisms of the eco-industrial park (EIP). 

Principle Industries Connected Reductions and Savings 

Bilateral principle 
Polyamide fiber production → dyeing 

factory 

Fresh water consumption can be 

reduced by 33% of the total water 

demand of the two industries 

Nucleus principle 
Milk powder production (nucleus) → 

multiple connected industries (consumers) 

Fresh water savings potentials of 92% 

and sewage savings of 67% 

Cascade principle 

Polyamide fiber production → poly-tube 

production → two different metal 

processing plants 

Total savings of approx. 56% of the 

fresh water demand and approx. 83% 

of the wastewater 

The Boundaries of the WSW Nexus  

The scope of the case study was to assess the benefits from assessing the resources water and waste 

in an interlinked manner in order to close the wastewater cycles between the companies. Different 

EIP design scenarios considered varying levels of interindustrial water reuse without additional water 

supply for the connected water fluxes.  

This case study shows the benefit-scale at the sublocal level in an industrial park. The two systems of 

water and waste overlap with the boundary of the industrial park itself. Figure 2.2.3 describes the 

WSW Nexus system of this case study in a conceptual way. It shows an example of one modeled 

scenario in the industrial park, where wastewater from one industry can be used as process water in 

several other industries.  
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Figure 2.2.3: The WSW Nexus system is bound by the overlap of the water and the waste system where wastewater can be 
reused by other industries as intake. The soil system is external to the WSW Nexus system. (The figures show a concept and 
do not reflect actual geographic information) 

2.2.6 Conclusions 

In this study we examined the boundaries of systems analysis in ISWM, INRM, IWRM and the WEF 

Nexus. We derived three criteria for defining systems boundaries for integrated management, 

namely: wide, clear and flexible. The WSW Nexus system is designed to fit those criteria. It reduces 

the overall level of complexity of the nexus problem without ignoring that the complexity is inherent 

to each of the three underlying systems.  

This deliberately stands in contrast to prominent thoughts in the WEF Nexus community (e.g., (Hoff 

2011; Endo et al. 2015; Lawford et al. 2013; Yillia 2016)). The unmanageable complexity of the WEF 

Nexus has been criticized (see e.g., (Wichelns 2017; Leck et al. 2015)). The WSW Nexus system as 

described here intends to provide a clear definition. We are conscious of the fact that the analysis of 

(bio-)physical interlinkages alone is not sufficient to achieve sustainable management. 
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Socioeconomic, political, and institutional aspects need to be taken into account as well. 

Nonetheless, we consider (bio-)physical interlinkages to be the basis for any further analysis. Going 

forward, the concept of the WSW Nexus system can be elaborated on by moving from the 

biophysical interlinkages towards their implications of socioeconomic and political issues, thus 

creating a “benefit-shed”. It remains to be assessed if the boundaries of the WSW Nexus system are 

as useful to these further dimensions as they are to the assessment of interlinked resources. 
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3 Examples of circularity 
While the previous chapter addressed nexus considerations on a theoretical level, this chapter 

intends to explore its practical implications when using the nature-based solution (NbS) of 

constructed wetlands (CW). The articles here postulate that through the introduction of CW for 

effluent treatment, circular resource use can effectively be implemented. Enhanced circularity 

assumes a reduction in raw resource use through increased resource recovery and reuse. One 

pathway suggested towards more sustainability could thus be an increased resource use efficiency. 

The articles presented in this part look at different means of increased resource (re-)use and 

describe their potential for increased sustainability by using the example of constructed wetlands as 

NbS.   

Increasing the co-benefits from wastewater treatment and reducing their overall ‘footprints’ may 

open a path towards sustainability. As such, green infrastructure or nature-based solutions have 

been presented as solutions that provide additional services beyond their primary goal (WWAP 

2018). NbS have been defined through a consultative process as: “Actions to protect, sustainably 

manage and restore natural or modified ecosystems that address societal challenges effectively and 

adaptively, simultaneously providing human well-being and biodiversity benefits” (Cohen-Shacham 

et al. 2016). These NbS can range from ecosystem protection and restoration approaches to 

infrastructure related approaches and be developed in increasing levels of engineering (Figure 3.1). 

Infrastructure-related approaches referred to as green or natural infrastructure are commonly found 

and used in water management (WWAP 2018; Cohen-Shacham et al. 2016). 

 

Figure 3.1: Typology of NbS based on their level of engineering vs. ecosystem service delivery (from: (Cohen-Shacham et al. 
2016)) 

CW for pollution control are an example of a green infrastructure used for wastewater treatment 

(UNEP and TNC 2014) which can exhibit a variety of co-benefits when used accordingly. CW have a 

long-standing history of being able to deal with a broad range of wastewaters. The application of CW 

span different climatic zones (Zhang et al. 2014), while using different plant species (Kantawanichkul, 

Kladprasert, and Brix 2009; Freedman et al. 2014), and cleaning different types of wastewater from 

the classic reduction of nitrogen and phosphorous in household wastewater to extreme cases of 

heavy metal absorption (Lizama A., Fletcher, and Sun 2011; Sultana et al. 2014; Türker, Vymazal, and 

Türe 2014; Guittonny-Philippe et al. 2015). Overall the breadth of the performance of CW can be 

found in standard works such as Kadlec & Wallace (2009), as well as in reviews or meta-studies on 

particular aspects e.g. in Vymazal (2007) on nitrogen cycling. 

CW are ‘en vogue’. Between 1    and 2 1  more than      peer-reviewed articles had been 

published on constructed wetlands originating from 120 countries when searching in Web of Science 
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(Selvam 2018). Out of the 120 countries only 37 countries could be classified as countries with a 

minimum production of 50 publications. The United States of America (USA) ranked first with a 

28.24% (2142) of the total publications analysed during this study period, followed closely by the 

People’s Republic of China with 20.89% (1585).  

 sing CW as a wastewater treatment plant in the ‘urban’ nexus setting can lead to further co-

benefits in particular to the energy system (Figure 3.2). Constructed wetlands are not only low in 

energy consumption but can in fact be a source of energy production (Avellan, Ardakanian, and 

Gremillion 2017; Avellán and Gremillion 2019). The two articles presented in this section explore 

how CW can be integrated into a nexus concept and quantify the co-benefits such as the amount of 

irrigation water that could be gained and the amount of energy they could produce.  

 

Figure 3.2: Changes in the Water-Energy-Food nexus interactions when introducing a constructed wetland as wastewater 
treatment system (visual design courtesy of A. Müller) 

While the first article looks at resource recovery and reuse in CW from a broad nexus lens, the 

second article provides the underpinning data through a global meta-review study. The articles come 

to similar (if not the same) conclusions. 
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Short Title: Constructed wetlands and the water-soil-waste nexus 

Abstract 

The use of constructed wetlands for water pollution control has a long-standing tradition in urban, 

peri-urban, rural, agricultural and mining environments. The capacity of wetland plants to take up 

nutrients and to filter organic matter has been widely discussed and presented in diverse fora and 

published in hundreds of articles. In an ever increasingly complex global world, constructed wetlands 

not only play a role in providing safe sanitation in decentralized settings, shelter for biodiversity, and 

cleansing of polluted sites. In addition, constructed wetlands produce biomass that can be harvested 

and used for the production of fodder and fuel.  

The United Nations University Institute for Integrated Management of Material Fluxes and of 

Resources (UNU-FLORES) was established in December 2012 in Dresden, Germany, to assess the 

trade-offs between and among resources when making sustainable decisions. Against the backdrop 

of the Water-Energy-Food (WEF) Nexus, which was introduced as a critical element for the 

discussions on sustainability at Rio +20, the UNU was mandated to pay critical attention to the 

interconnections of the underlying resources, namely, water, soil and waste.  

Biomass for human consumption comes in the form of food for direct use, as fodder for livestock, 

and as semi-woody biomass for fuelling purposes, be it directly for heating and cooking or for the 

production of biogas and/or biofuel. Given the universal applicability of constructed wetlands in 

virtually all settings, from arid to tropical, from relatively high to low nutrient loads, and from a vast 

variety of pollutants, we postulate that the biomass produced in constructed wetlands can be used 

more extensively in order to enhance the multi-purpose use of these sites. 

 

Keywords: Constructed wetlands, wastewater treatment, bioenergy, biogas, resources-oriented 

sanitation. 
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3.1.1 Introduction 
Water supply, pollution control, agricultural resource management, and energy production have 

been treated traditionally as independent problems to be solved separately. It is becoming more 

apparent that interconnections among cycles of water, nutrients, and energy can now be exploited 

in systems that perform multiple functions optimized to provide services for human communities, 

while improving ecosystem health. Properly designed and operated, constructed wetlands for the 

treatment of wastewater can provide functions which include safe sanitation in decentralized 

settings, shelter for biodiversity, and cleansing of polluted sites. In addition, constructed wetlands 

produce biomass that can be harvested for the production of fodder and fuel. 

The concept of considering interconnected systems is exemplified by the Water-Energy-Food (WEF) 

Nexus, which was introduced as a critical element for the discussions on sustainability at Rio +20. 

UNU was mandated to pay critical attention to the interconnections of the underlying resources, 

namely, water, soil and waste. The United Nations University Institute for Integrated Management 

of Material Fluxes and of Resources (UNU-FLORES, 2017) was established in December 2012 in 

Dresden, Germany, to assess the trade-offs between and among resources when making sustainable 

decisions. 

Using wetlands to treat wastewater addresses at least three major elements in sustainability: water 

and sanitation, energy, and greenhouse gas (GHG) emissions. Sustainable use of resources is a key 

element in achieving goals on ending poverty established initially by the Millennium Development 

Goals (MDGs). Established by the United Nations Conference on Sustainable Development, Rio+20, 

in 2012, the further evolved Sustainable Development Goals, SDGs (UNDP, 2017), articulated the 

three pillars of sustainable development: environmental, social, and economic. Of the 17 SDGs, at 

least two are relevant to the integrated use of constructed wetlands: SDG Goal 6: Ensure access to 

water and sanitation for all, and SDG Goal 7: Affordable and clean energy. Climate change is 

addressed in SDG Goal 13 and has been more fully considered in the 2015 Paris Agreement (Climate 

Action, 2015) of the Conference of Parties of the UN Framework for Climate Change. Here, nations 

committed to sufficiently reduce their GHG emissions to limit global warming to less than two 

degrees Celsius by the end of this century.  

3.1.1.1 Wastewater Treatment 

Wastewater treatment embodies aspects that include human health, ecosystem stability, energy, 

and GHG emissions. In municipal-scale wastewater treatment plants, the carbon associated with 

Biological Oxygen Demand (BOD) is typically converted to microbial biomass, which in turn is 

removed as a dense organic sludge, which, when stabilized, dried or composted, can be used as an 

energy or nutrient source. These types of treatment systems are highly efficient in terms of the 

physical space they occupy and the amount of BOD that can be removed per unit cost. But they are 

also expensive, complex, centralized, and require vast amounts of energy (three percent of all 

electricity use in the United States, for example) and trained personnel to operate and maintain 

them (McCarty, Bae, and Kim 2011). 

Wastewater treatment technology is unevenly distributed worldwide. In North America and Western 

Europe for example, more than three quarters of wastewater produced is treated, compared with 

West and Central Africa, Southern Asia, and East Asia, where more than three quarters of 
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wastewater discharged is not treated (Corcoran 2010). Not surprisingly, investments in sanitation 

infrastructure reflect economic prosperity. Ashley and Chapman (2006) estimated that investments 

in infrastructure necessary to meet minimum health and environmental standards by the year 2030 

range up to 1.2 percent of gross domestic product (GDP) for high-income countries, while low-

income countries need to invest up to 6.3 percent of their GDP to bring treatment facilities up to 

standard. 

Constructed wetlands provide a low-cost, low-maintenance alternative to traditional wastewater 

treatment and have been widely used in both centralized and decentralized systems (Zhang et al. 

2014). The physical space necessary for constructed wetlands is larger than that for municipal 

technologies (Kivaisi 2001), but comparable to other more traditional low-technology alternatives. 

For example to treat domestic-strength wastewater using constructed wetlands in a temperate 

climate would require an area on the order of 7 m2/person (Rousseau, Vanrolleghem, and Pauw 

2004), while a non-aerated facultative lagoon would require 2 to 5 m2/person and 0.2 to 0.5 

m2/person for an aerated lagoon (Kivaisi 2001). Wetland systems still occupy a larger area than 

lagoon systems, but provide additional ecosystem services, including aesthetics, biodiversity, wildlife 

refugia, and nutrient capture for reuse (Yang, Chang, and Xu 2008). However, perhaps the most 

significant benefits of constructed wetlands for wastewater treatment may be their capability to 

offset GHG emissions and to produce energy (e.g., (Liu, Chang, and Gu 2012). 

3.1.1.2 Greenhouse Gas Emissions 

Constructed wetlands affect GHG cycles both in the treatment of wastewater and in the production 

and use of their biomass. With regard to infrastructure and treatment, CO2 emissions occur during 

construction, harvesting, and in the decomposition of organic matter. During their operation, 

constructed wetlands are net emitters of methane, but sinks of CO2 through their accumulation of 

organic matter and are net GHG sinks (Mander et al. 2014) (Liu, Chang, and Gu 2012). In addition, 

traditional wastewater treatment systems emit 591 kg CO2 for every kilogram of nitrogen removed, 

while wetland systems emit 0.9 kg CO2 per kg nitrogen (Liu, Chang, and Gu 2012).  

Use of the biomass produced by wetlands impacts GHG cycles as well. Factors that need to be 

considered include bioenergy production and transportation and the offsetting effects of biomass as 

a fuel source relative to the fuel it replaces. A hypothetical example is a wetland system which 

produces solid fuel that replaces a wood fuel source. This can result in a decrease in deforestation, 

with positive impacts related to the continued sequestration of carbon in the above-ground biomass 

of the forest itself and preservation of organic carbon contained in soils that would not be eroded 

(Fargione et al. 2008).  

3.1.1.3 Energy 

Considering the water-energy nexus, traditional wastewater treatment is a significant consumer of 

energy. In the United States, wastewater treatment accounts for about three percent of the national 

electricity load (USEPA 2006). Municipal wastewater treatment plants consume up to 2.2 megajoules 

(MJ = 106 joules = 10-3 GJ or gigajoules) per cubic metre of water treated (McCarty, Bae, and Kim 

2011). Many facilities in industrialized regions produce methane through sludge digestion that is 

either used as a heat source within the treatment plant, used for some other renewable energy 

purpose, or simply flared and wasted (McCarty, Bae, and Kim 2011). Constructed wetlands as 
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wastewater treatment systems require far less energy to treat wastewater (6.8% of the energy 

demand of a traditional activated sludge plant, according to Shao et al. (2013) and have the potential 

to be net suppliers of energy and contribute to the bioenergy portfolios of countries. 

The production of bioenergy to reduce reliance on fossil fuels has been controversial. Biomass 

energy has the potential to contribute up to 50 EJ (Exajoules = 1018 joules), or about ten percent, to 

the global energy supply by 2035. However the primary source of biomass for this energy would be 

terrestrial energy crops (Slade, Bauen, and Gross 2014). Debate is usually centred around the use of 

arable land to meet energy security needs at the expense of food security (Müller et al. 2008). 

Additionally, the water demands to grow energy crops are significant and may be prohibitive and 

threaten water security in water-scarce regions (Strzepek and Boehlert 2010). Other competing uses 

for bioenergy resources include wood for forest products and protection of biodiversity (Smeets et 

al. 2007). 

Constructed wetlands used to treat wastewater have the potential to provide a sustainable 

bioenergy source without placing burdens on water resources or displacing other food or energy 

crops. Liu et al.  (2012) projected that if constructed wetlands treated all of the wastewater in China, 

a land area equal to less than 2 % of China’s fallow land would be required and could produce 

8.2x107 GJ/year in bioenergy, enough to meet the energy demands of about two million households 

in China (Zheng et al. 2014). There are clearly practical constraints at this scale, however the use of 

constructed wetlands to treat wastewater instead of traditional activated sludge systems saves in 

energy costs to treat the wastewater (Shao et al. 2013) and produces a bioenergy resource. 

Bioenergy has the potential to make significant improvements in the quality of life and the stability 

of ecosystems in developing countries. About 3 billion people in developing countries rely on solid 

fuels for cooking (Figure 3.1.3). Wood is the fuel source for 42% of this population and results in 

deforestation, soil erosion, and other ecosystem disturbances (UNDP and WHO 2009). Biofuel from 

constructed wetlands can at least partially ease the reliance on unsustainable solid fuel sources in 

developing countries. Integrating wetland biofuel production with other sustainability strategies can 

provide compounded benefits and assist developing countries toward stable food and energy 

security. 
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Figure 3.1.3: Share of population without access to modern fuels for developing countries, 2007. LDCs = Least Developed 
Countries. (Reproduced from UNDP: (UNDP and WHO 2009). 

Here, we consider the potential for constructed wetlands to purify wastewater while contributing to 

renewable water and energy cycles. We address the following questions: Which wetland plant 

species can be used and why? How can wetland biomass be converted to usable energy at a scale 

appropriate for developing countries? And, how can constructed wetlands be integrated into 

resource management programs in developing countries? 

3.1.2 Methods 
Our work is a synthesis of recent research and practice related to constructed wetlands for 

wastewater treatment and biomass as a green energy source. We consulted peer-reviewed 

literature from the research community, international governmental and non-governmental 

organizations, and such grey-literature sources as technical guidance documents and white papers. 

Online searches were conducted using Google Scholar (Google, 2017) and Thompson Reuters Web of 

Science (Clarivate Analytics, 2017). Our searches included the following topics: Constructed wetlands 

for wastewater treatment, wetland biomass for biofuel production, bio-energy crops and process, 

process design for bio-energy, energy and green energy portfolios for developing countries, global 

wastewater treatment, GHG emissions related to wastewater treatment and biofuel production, and 

life cycle assessment for wastewater treatment and energy production. References were organized 

using the open-source reference database system, Zotero (Zotero, 2017). References assembled for 

this research will be available through the United Nations University FLORES institute website (UNU-

FLORES, 2017). 

3.1.3 Results and discussion 
Our analysis of constructed wetlands as wastewater treatment systems considers selection of the 

plants themselves, the potential for harvested biomass as an energy source and some of the 

challenges in implementing these systems in the integrated management of water, nutrient, and 

energy cycles.  
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3.1.3.1 Wetland Plants for Wastewater Treatment 

Plant Types 

In a literature survey of 643 constructed wetlands from 43 countries, Vymazal (2013) found that of 

the 150 plant species used, the five most common genera were Typha, Scirpus (Schoenopectus), 

Phragmites, Juncus, and Eleocharis. Most of the wetlands surveyed were in North America (56%) and 

Europe (22%). In a survey of 36 constructed wetlands in developing countries, Zhang et al. (2014) 

found that Phragmites and Typha (35% and 10%, respectively) were the most commonly used plants. 

In a review of constructed wetlands in African countries, Mekonnen et al. (2015) listed 12 wetlands 

which used primarily Phragmites, Typha, and Cyperus papyrus. 

Plants can be selected based on energy yield, measured as the production of dry biomass per unit 

area and time, for example tonnes per hectare per year. On this basis, Laurent et al. (2015) ranked 

Arundo donax (giant reed) and Spartina cynosuroides with the highest energy yields for wetland 

plants with averages of about 30 and 12 tonnesha-1year-1, respectively. Liu et al. (2012) measured 

energy yield as GJ/ha/year using plant growth rates (kgha-1year-1) and used an energy conversion 

factor of 18.5 MJ/kg. They ranked A. donax, Phragmites australis, and Typha angustifolia as the 

highest energy producers (Figure 3.1.4), which corresponds with the findings of Laurent et al. (2015) 

for A. donax and Typha, but not P. australis. Actually Laurent et al., (2015) rank P. australis as having 

a relatively low energy yield. 

With regard to suitability for energy production, two of the five most commonly used wetland plants 

worldwide, Typha and Phragmites (according to Liu et al., 2012), are also superior biomass 

producers. The remaining three most commonly used wetland plants Scirpus, Juncus, and Eliocharis; 

are all notably slower growing, and less well suited as energy crops (Figure 3.1.4). The highest energy 

producer, A. donax, has been relatively under-used in constructed wetlands. 
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Figure 3.1.4: Energy yield and occurrence of wetland plants in constructed wetlands for wastewater treatment.  a.: Energy 
yield for wetland plants used in treatment wetlands. The line and X within each box are the median and mean values, the 
top and bottom edges of boxes represent 25% and 75% of all data. Open circles outside the boxes represent extreme values. 
b.: Types of wetland plants identified in two reviews of constructed wetlands for wastewater treatment. Sources: Liu, et al. 
(2012); Vymazal (2013); and Zhang, et al. (2014). 

The selection of plant types for constructed wetlands has not necessarily been based on the 

potential of the plants to produce biomass energy, or even based on their efficiency at pollutant 

removal, although both of these parameters vary widely from plant to plant. Plant selection has 

likely been based more on local availability, suitability to local climate conditions, and tolerance to 

influent water quality (Wu et al. 2015). Vymazal (2011) noted that mixes of species may be more 

effective than single species in withstanding seasonal and other ambient variations. Protecting 

regions from introduction or spread of invasive, non-native species has also been an important 

consideration (Piwpuan, Jampeetong, and Brix 2014; Zedler and Kercher 2004). 
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Effects of Harvesting 

A harvesting program for treatment wetlands needs to optimize both pollutant removal and biomass 

growth. With regard to pollutant removal, uptake of nitrogen and phosphorus is mediated by 

microbial systems in the soil and root zones of emergent wetland plants (Vymazal 2007). For aerobic 

processes in the root zones, adequate resupply of oxygen from the wetland plants themselves is 

necessary (Wang et al. 2014). An ongoing maintenance program can prevent accumulation of 

detritus, which can impair performance and cause re-release of nutrients (Thullen, Sartoris, and 

Nelson 2005). Harvesting to collect biomass as a renewable energy source provides this benefit, and 

with proper timing of harvests, can optimize biomass growth for enhanced performance in carbon 

and nutrient removal (Thullen, Sartoris, and Nelson 2005). 

With regard to regrowth after harvesting, Jinadasa et al. (2008) studied growth and uptake rates in a 

tropical setting. Regrowth of Scirpus and Typha was rapid after first harvesting, but progressively 

slower after subsequent harvests. Frequent harvesting can slow biomass production, but frequent 

thinning, rather than complete removal of a plant, results in the highest biomass production 

(Jinadasa et al. 2008; Sale and Wetzel 1983). Sustainable long-term production of biomass requires 

maintaining plants in a rapid-growth phase through this thinning process (Thullen, Sartoris, and 

Walton 2002). This approach is consistent with strategies to mimic natural wetland systems in early 

successional stages (Thullen, Sartoris, and Nelson 2005).  

3.1.3.2 Potential for Energy Production 

Biomass generated by constructed wetlands can be converted to energy in three broadly defined 

processes: direct combustion, biogas production, and bioethanol production. The relative 

advantages and disadvantages of these processes vary with the scale of system employed. 

Constructed wetlands for wastewater treatment can be applied in settings which range from small 

villages to mega-cities, but for the purpose of this analysis, we will focus on the range of wetland 

sizes already in operation in developing countries. Zhang et al. (2014) surveyed treatment wetlands 

ranging in size from 0.25 m2 to over 30 ha. Excluding the two largest wetlands (17.4 and 35.2 ha), the 

remaining 56 wetlands had a mean area of 412 m2, but a median area of only 22 m2. Considering 

that treatment wetlands serve roughly 7 m2/person (Rousseau, Vanrolleghem, and Pauw 2004), 

most constructed wetlands support communities of less than about 60 people. At this scale, direct 

combustion and biogas production are likely the most economical bioenergy alternatives.  

Direct combustion involves minimal processing whereby harvested biomass is either dried and used 

as a fuel source, or formed into briquettes by shredding the biomass, mixing it with an additive, and 

compressing it into briquettes (Fengmin and Mingquan 2011). (Wichmann 2016) assessed the 

transfer of agricultural biomass technology to the processing of Phragmites for biogas production, 

direct combustion, and thatching. Direct combustion has several advantages for small-scale 

applications. The fuel is easily transported and can be adapted to traditional solid-fuel cooking 

stoves or for heating (Tucho and Nonhebel 2015). Direct combustion also has low infrastructure 

costs and a low level of expertise necessary to operate and maintain systems. 

A hypothetical community of 60 people would require a wetland area of about 420 m2. If the 

wetland produces 15 tonnes dry massha-1year-1, a moderate level of productivity according to 

Laurent et al. (2015), the wetland can supply the community with 630 kgyear-1 of dry biomass. The 

dry biomass has an energy content of about 16 MJKg-1 (Kitzler, Pfeifer, and Hofbauer 2012), so the 

wetland can produce about 10 GJyear-1. An average household in Ethiopia requires about 7 GJyear-1 
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for cooking (Tucho and Nonhebel 2015) and there are about 5 persons per home (USAID 2001), so 

the annual energy requirement for cooking in this community of 12 homes is about 84 GJ. The 

biofuel produced by the treatment wetland can therefore supply about 12 percent of the cooking 

fuel needs of the village. 

The other likely alternative for a community of 60 residents is to convert the harvested wetland 

biomass to methane in an anaerobic reactor. Biogas production requires more coordination and 

complexity, but allows mixtures of other available organic matter to increase biogas yield (Marchetti 

et al. 2016) and has the potential to employ proven, small-scale biogas technologies. For example, 

the Gobar gas plant was designed to be a simple, family-scale anaerobic digester designed to process 

livestock waste, but which can be modified to treat a combination of organic materials (Pullen 2015). 

Small-scale anaerobic digesters are already common in many parts of the world, with more than 45 

million units in Asia and 4 million in India. With more than 200,000 biogas units in operation, Nepal 

has the highest number of small-scale biogas digesters per capita in the world (Gebreegziabher et al. 

2014). 

For our hypothetical community of 12 households, a constructed wetland could collect and treat the 

wastewater and a biogas unit could convert the wetland biomass to biogas at a conversion rate of 

about 18.5 GJKg-1, which is slightly higher than that for direct combustion (Liu, Chang, and Gu 2012), 

for an energy supply of about 14 percent of the community’s energy needs for cooking. A biogas 

system requires the community to make a greater commitment to infrastructure, training, 

operation, and maintenance than for a direct combustion system. Distribution of the biogas can also 

be a challenge. But because biogas reactors can also use livestock, agricultural residue, and nearly 

any other form of organic waste as a fuel source, these systems have the potential to provide a 

community with almost complete energy independence. 

3.1.3.3 Opportunities and Challenges 

Constructed wetlands to treat wastewater have the potential to provide a bioenergy resource at a 

wide range of scales, particularly if other sources of organic matter are included in the bioenergy 

process. This bioenergy source can be an effective component in a community that takes advantage 

of multiple, integrated uses of their water, nutrient, and carbon resources (Figure 3.1.5). The 

resources to be economized are water, organic carbon as a fuel source, and nutrients as a fertilizer 

source. In an integrated village waste system, wastewater can be treated using constructed wetlands 

and the effluent water can be used for irrigation. Biomass from fallow crops, municipal solid waste, 

and food waste can be used as biomass augmentation in reactors that process treatment wetland 

biomass. Digestate from biogas and bioethanol reactors can be used as compost on agricultural 

fields.  Moreover, wetland biofuels can mitigate the use of scarce resources and ecologically 

disruptive practices. Constructed wetlands for wastewater treatment provide a range of ecosystem 

services and can create GHG sinks.  
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Figure 3.1.5: The potential for constructed wetlands to influence interactions among water, waste, nutrient, and energy at 
village and municipal scales. 

Clearly these systems are sustainable in the environmental sense, but to apply them in developing 

countries, they also need to be sustainable financially and in terms of community ownership. The 

single most common failure in the long-term success of development projects has been the lack of 

commitment of local populations to operate and maintain facilities, due at least in part to the 

delivery of technology inappropriate to, or unacceptable by, local communities (Kumar and 

Corbridge 2002). Constructed wetlands for wastewater treatment and biofuel production have the 

potential for sustainability in all its definitions if care is given to community acceptance from project 

inception. A vision for successful implementation may include a community’s consideration of the 

system as a resource that both protects their health and provides energy security, self-

determination, and independence. 

3.1.4 Conclusions 
Constructed wetlands for wastewater treatment can be the cornerstone in integrated management 

of water, nutrient, and energy cycles. To return to our original questions: 

Which wetland plant species can be used and why? The selection of plants will be affected by local 

climate, availability of plants, and the need to prevent or control invasive species. The fastest-

growing plants that can also thrive under conditions of frequent pruning will be best suited for this 

application. The plants most commonly used in constructed wetlands, which also have fast growth 

rates are Phragmites and Typha. Less commonly used, but desirable due to its fast growth is A. 

donax. 

How can wetland biomass be converted to usable energy at a scale appropriate for developing 

countries? In order of increasing complexity, three appropriate technologies are direct combustion, 

biogas production, and bioethanol production. At the smaller scales now in operation for treatment 
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wetlands in developing countries, direct combustion and biogas production are the most promising 

technologies. The direct combustion of dry biomass harvested from treatment wetlands can provide 

more than 10 percent of the cooking energy needs of a small village. If a community can make 

sustained investment in the more complex technology of biogas production, other sources of organic 

matter can be added to harvested wetland material and potentially provide complete energy 

independence for the community. 

How can constructed wetlands be integrated into resource management programs in developing 

countries? Treatment wetlands can be the common thread that creates the soil-water-waste nexus 

in a community. The wetlands themselves can improve the health and sanitation conditions in a 

village. Energy provided by wetland biomass can offset scarce and environmentally damaging 

sources, such as collection of firewood. At the smallest and least complex level, dried or briquetted 

biomass can be combusted as a cooking or heating fuel source. More complex biogas and bioethanol 

reactors, made economically feasible with wetland biomass feedstocks, can improve a community’s 

energy security when additional organic sources are used. These can include livestock, household, 

and agricultural wastes. This conversion of a waste product into an energy resource can be an 

effective strategy in “closing the loop” in water and energy cycles and result in improved 

environmental conditions as well as increased food and energy security. 
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Abstract 

Constructed wetlands (CW) are effective in treating wastewater, particularly in settings that require 

low technology and low maintenance as operational constraints. Biomass harvested from CW can be 

used as a renewable energy source and treated effluent can provide irrigation for agricultural uses. 

Biomass yields for four selected wetland plants in CW ranged from an average of about 1,500 grams 

of dry mass per square meter (g/m2) for Typha spp., up to 6,000 g/m2 for A. donax. The energy yield 

for direct combustion of these plants occupied a narrow range, averaging about 18 megajoules per 

kilogram of dry mass (MJ/kg) for all plant types, a comparable amount to Acacia spp. Methane yields 

varied from about 170 to 360 litres of methane (normalized to standard conditions) per kilogram of 

dry mass (LN/kg). 1 m² of CW planted with A. donax can produce on average 110 MJ through direct 

combustion or 1,660 litres of methane from biogas production. In a village of 200 people the 

biomass from a CW planted with Typha spp. can reduce cooking fuel needs by 4 to 55 percent and 

therefore save up to 12 ha of forest per year. The water footprint of these plants was measured as 

the percent loss in water in the CW from evapotranspiration (ET). Under a fixed set of assumptions 

on climate and operation, the water used through ET, the CW could deliver from 64% to 76% of the 

influent water for subsequent use. In summary, CW have the potential to offset energy and irrigation 

needs at scales ranging from small communities to peri-urban areas. Constructed wetlands used to 

treat wastewater have the potential to provide a sustainable bioenergy source without placing 

burdens on water resources or displacing other food or energy crops. 

Keywords: Energy; Water; Waste; Food; Nexus Approach; SDGs 
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3.2.1 Introduction 

Globally over 80 % of all wastewater is discharged directly into the environment without treatment 

and 1 billion people still practice open defecation (United Nations World Water Assessment 

Programme 2017). Wastewater treatment embodies aspects that include human health, ecosystem 

stability, energy, and greenhouse gas (GHG) emissions. In municipal-scale wastewater treatment 

plants, carbon is typically converted to microbial biomass, which in turn is removed as a dense 

organic sludge, which, when stabilized, dried or composted, can be used as an energy or nutrient 

source. These types of treatment systems are highly efficient in terms of the physical space they 

occupy and the amount of carbon that can be removed per unit cost. But they are also expensive, 

complex, centralized, and require vast amounts of energy and trained personnel to operate and 

maintain them (McCarty, Bae, and Kim 2011). 

Traditional wastewater treatment is a significant consumer of energy. In the United States, 

wastewater treatment accounts for about three percent of the national electricity load (USEPA 

2006). Municipal wastewater treatment plants consume up to 2.2 megajoules (MJ = 106 joules = 10-3 

GJ or gigajoules) per cubic metre of water treated (McCarty, Bae, and Kim 2011). Many facilities in 

industrialized regions produce methane through sludge digestion that is either used as a heat source 

within the treatment plant, is used for some other renewable energy purpose, or is simply flared and 

wasted (McCarty, Bae, and Kim 2011).  

Constructed wetlands (CW) provide a low-cost, low-maintenance alternative to traditional 

wastewater treatment and have been widely used in both centralized and decentralized systems 

(Zhang et al. 2014). This nature-based solution treats varying types of wastewater through biological 

and physical processes in the root zones of wetland macrophytes (Kadlec and Wallace 2008). The 

physical space necessary for CW is larger than that for other technologies (Kivaisi 2001), but 

comparable to other more traditional low-technology alternatives. For example to treat domestic-

strength wastewater using CW in a temperate climate would require an area on the order of 2 to 7 

m2/person (Rousseau, Vanrolleghem, and Pauw 2004), while a non-aerated facultative lagoon would 

require 2 to 5 m2/person and 0.2 to 0.5 m2/person for an aerated lagoon (Kivaisi 2001). Wetland 

systems still occupy a larger area than lagoon systems, but provide additional ecosystem services, 

including aesthetics, biodiversity, wildlife refugia, and nutrient capture for reuse (W. Yang, Chang, 

and Xu 2008). However, perhaps the most significant benefits of CW for wastewater treatment may 

be their capability to offset GHG emissions and to produce energy (e.g., (D. Liu, Chang, and Gu 

2012)). CWs as wastewater treatment systems require far less energy to treat wastewater (6.8% of 

the energy demand of a traditional activated sludge plant (Shao et al. 2013)), and have the potential 

to be net suppliers of energy and contribute to the bioenergy portfolios of countries. 

3.2.1.1 Bioenergy production: compounded benefits through the use of constructed wetlands? 

The production of bioenergy to reduce reliance on fossil fuels has been controversial. Biomass 

energy has the potential to contribute up to 50 EJ (Exajoules = 1018 joules), or about ten percent, to 

the global energy supply by 2035 (Slade, Bauen, and Gross 2014). However the primary source of 

biomass for this energy would be terrestrial energy crops (Slade, Bauen, and Gross 2014). Debate is 

usually centred around the use of arable land to meet energy security needs at the expense of food 

security (Müller et al. 2008). Additionally, the water demands to grow energy crops are significant 
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and may be prohibitive and threaten water security in water-scarce regions (Strzepek and Boehlert 

2010).  

Other competing uses for bioenergy resources include wood for forest products and protection of 

biodiversity (Smeets et al. 2007). Bioenergy has the potential to make significant improvements in 

the quality of life and the stability of ecosystems in developing countries. About 3 billion people in 

developing countries rely on solid fuels for cooking (Figure 3.2.6). Wood is the fuel source for 42% of 

this population and results in deforestation, soil erosion, and other ecosystem disturbances (UNDP 

and WHO 2009). In Sub-Saharan Africa, where the per capita wood and charcoal consumption is the 

highest globally, wood fuel consumption in 2011 was at an average of 0.69 m3/year (Iiyama et al. 

2014).  

 

Figure 3.2.6: Share of population without access to modern fuels for developing countries, 2007. (LDCs = Least developed 
Countries) (Reproduced from UNDP (UNDP and WHO 2009)) 

CW used to treat wastewater have the potential to provide a sustainable bioenergy source without 

placing burdens on water resources or displacing other food or energy crops. Biofuel from CW can at 

least partially ease the reliance on unsustainable solid fuel sources in developing countries. 

Integrating wetland biofuel production with other sustainability strategies can provide compounded 

benefits and assist developing countries toward stable food and energy security (Schwärzel et al. 

2016). Liu et al. (D. Liu, Chang, and Gu 2012) projected that if CW treated all of the wastewater in 

China, a land area equal to less than 2 % of China’s fallow land would be required and could 

produce 8.2x107 GJ/year in bioenergy, enough to meet the energy demands of about two million 

households in China (Zheng et al. 2014). There are clearly practical constraints at this scale, however 

the use of CW to treat wastewater instead of traditional activated sludge systems saves in energy 

costs to treat the wastewater and produces a bioenergy resource (Shao et al. 2013). 

Replacement of solid fuels with biogas for cooking can improve indoor air quality and lead to 

improved health through decreased exposure to airborne particulates and carbon monoxide (WHO 

2016).  Although biogas generation requires more infrastructure and processing than direct 

combustion, small-scale biogas facilities are widespread in developing countries and take advantage 

of the feedstocks that are locally available. The technology for small-scale, low-technology anaerobic 
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digesters is well established and widely applied in developing countries. As of 2011, there were over 

31 million biogas units in India and China alone (Bond and Templeton 2011) and 45 million 

worldwide (Mungwe et al. 2016).  

The role of CW in a Nexus Approach (Hülsmann and Ardakanian 2014) can include sanitation and 

energy supply, as suggested above, but can also offset certain water supply functions. CW designed 

for removal of carbon and pathogens, but for low levels of nutrient removal, can direct effluent 

toward irrigation of food, energy, or fallow crops, where residual nitrogen can be used as a fertilizer 

(La Bella et al. 2016). This procedure can offset two limiting factors in agricultural production: water 

and nutrients. Irrigation is of crucial importance to global food security. Irrigated crops account for 

40% of global crop production while being cultivated on 20% of the global land surface (FAO, IFAD, 

and WFP 2015). Irrigating with CW effluent designed for agricultural purposes could thus alleviate 

water stress on the environment and improve soil quality and crop yield. Effluent from CW designed 

for higher levels of nutrient removal can be used for other purposes that support balanced 

ecosystems, such as aquifer recharge, or for restoring or improving flows in streams or rivers. 

Safeguarding human health and that of the environment, by minimizing the exposure to and release 

of pathogens and other contaminants, is in all cases the end goal. 

3.2.1.2 Rationale of the study 

In this study, we review the literature on three aspects of CW for the treatment of wastewater: 

biomass characteristics, water balance, and energy yield. Wetland plants provide the raw feedstock 

for energy recovery from CW, therefore the growth characteristics, effects of harvesting, and 

regrowth after harvesting all affect the performance of the CW in terms of biomass yield. 

Evapotranspiration is closely tied to biomass density, so designing and managing the CW to 

maximize biomass production can have significant effects on the water balance of CW. In arid areas, 

biomass production may be limited by water availability. We therefore examine the water balance 

and water use efficiency of CW as a design parameter that may permit optimizing for the balance 

between biomass production and the supply of effluent for reuse. Finally, we consider the energy 

yield from wetland plants themselves in terms of the energy released from wetland biomass as well 

as two energy technologies: direct combustion and biogas production.  

3.2.2 Methods 

3.2.2.1 Selection of plants 

A wide range of plants has been used in CW. In his review of 643 CW in 43 countries, Vymazal 

(2013a) identified 150 plant species. The most commonly used plant genera worldwide were Typha, 

Scirpus (Schoenoplectus), Phragmites, Juncus, and Eloeocharis. In a survey of 36 CWs in developing 

countries, Zhang et al. (2014) found that Phragmites spp. and Typha spp. (35% and 10% respectively) 

were the most commonly used plants. Similarly, Mekonnen et al. (2015) listed 12 CW in Africa which 

used primarily Phragmites spp., Typha spp., and C. papyrus. Floating plants such as Lemna spp. or 

Eichhornia spp. are also employed in free-surface wetlands (Kadlec and Wallace 2008). On the basis 

of biomass yield, Laurent et al. (2015) ranked Arundo donax (giant reed) and Spartina cynosuroides 

with the highest yields for wetland plants. Liu et al. (2012) ranked A. donax, Phragmites australis, 

and Typha angustifolia as the highest biomass producers. 

For this study, we focus on four plants, selected on the basis of high biomass yield and climate 

adaptability: Phragmites spp. (common reed), Typha spp. (cattail), A. donax (giant reed), and C. 

papyrus (papyrus). Phragmites spp. is the most widely distributed wetland plant type on the planet 
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(Stoetaert 2004), and has a high biomass yield. Typha spp. has been commonly used in CW and has 

both tolerance to a wide range of climatic and water quality conditions (Vymazal 2013b) and high 

biomass yield (Laurent et al. 2015). A. donax has not been widely used in CW, but has superior 

growth characteristics (e.g., (D. Liu, Chang, and Gu 2012)) and is emerging as an important bioenergy 

crop (Corno, Pilu, and Adani 2014). C. papyrus also is not commonly used in CW, but is well suited to 

tropical and equatorial conditions (Mnaya et al. 2007). This study either groups species together as 

Phragmites spp. and Typha spp., or refers to the individual species C. papyrus and A. donax, although 

when referring to specific studies, and when listing plants in the database, we identify the plant to 

the highest taxonomic level reported by authors. 

3.2.2.2 Literature Search and Database 

Our work is a synthesis of recent research and practice on the topics of CW for wastewater 

treatment, wetland plants for energy recovery, and water balances on wetlands. We consulted peer-

reviewed literature from the research community, international governmental and non-

governmental organizations, and such grey-literature sources as technical guidance documents and 

white papers. Online searches were conducted in late 2016/early 2017 using Google Scholar and 

Thompson Reuters Web of Science. For each document that yielded useful information, we reviewed 

both the list of references cited by the authors and used search engines to find all papers that cited 

that document. 

We developed a database of water balance, biomass yield, and energy yield for the four wetland 

plants selected for this study. We consulted over 400 publications, of which we used quantitative 

data from 76 publications in the areas of plant biomass density, energy content, and water balance (  
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Table 3.2.1). The complete database, as of the publication date, is available as an appendix in the 

online Supplemental Information. Where listed, numerical values provided by authors in their papers 

were copied into database fields, with unit conversions where necessary. Where data were provided 

as figures only, the figures were digitized and data were extracted by interpolating against values 

reported on the axes of the figures. Where authors cited data from other sources, we avoided citing 

that data unless the primary source could be found, in which case we cited the original source. In 

several cases, the primary source was unavailable and we cited the original source with a notation in 

the database that the actual data were reported from the citing source. Assumptions and methods 

for including data for each of the parameters recovered are provided below. 
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Table 3.2.1: Number of publications that were used for the analysis of the different categories of assessment 

Category Number of Publications 

Wetland Type   

  Constructed 24 

  Natural 13 

  Soil 23 

Plant Biomass   

  A. donax 19 

  Phragmites spp. 23 

  Typha spp. 6 

  C. papyrus 15 

Water Balance   

  Evapotranspiration 9 

Energy Content   

  High Heating Value 11 

  Biogas Yield 10 

 

3.2.2.3 Biomass Yield 

Nearly all studies reported biomass yield as the dry mass per unit area with units of g/m2, tonnes/ha, 

or kg/m2. Studies variously reported aboveground biomass, belowground biomass, and the biomass 

associated with aboveground plant components (e.g., culm, umbel, stem, and leaf). We report only 

aboveground biomass with units converted to g/m2. We categorized the data in terms of the 

substrate used to grow the plants as follows: natural wetlands, CW, and soil (typically agricultural 

settings in well-drained, upland soil). CW were further categorized as sub-surface horizontal flow 

(SSF-H), sub-surface vertical flow (SSF-V), or free-water (FW). Collected along with biomass data 

were location, elevation, and season or month of harvesting or sampling. To interpret the effects of 

harvesting and plant maturity, the age of the wetlands (years) was also recorded. For studies 

conducted in soil settings, the amounts of irrigation and fertilization were also included. 

3.2.2.4 Energy Content 

We consider recovery of wetland biomass for direct combustion and conversion to biogas. Energy 

values for direct combustion were reported as energy yield with units of energy per unit mass 

(usually mega-joules per kilogram of dry biomass, MJ/kg). Studies reported these data in three ways: 

low-heating value (LHV), high-heating value (HHV), and as the caloric yield on combustion in a bomb 

calorimeter. We reported all values as HHV, as the standard procedure followed by nearly all studies 

reviewed was to report HHV as the energy yield of oven-dried biomass combusted in a bomb 

calorimeter. In case LHV was used, we converted it to HHV using the moisture content of the 

biomass (WC) as follows: 

 𝐿𝐻𝑉 = 𝐻𝐻𝑉 (1 −
𝑊𝐶

1,000
) −  𝑃𝑆 (

𝑊𝐶

1,000
) ∆𝐻𝑣  Equation 1 

Where PS is sample mass and ΔHV is the heat of vaporization of water (Zema et al. 2012). 

Biogas measurements have been made using both batch and continuous-flow reactor methods. 

Unless otherwise noted, we report all biogas yield values as normalized litres of gas per kilogram of 

oven-dried total biomass (LN/kg) along with the assay procedure used. The units for gas yields varied 
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across the studies reviewed, but the convention is volume of gas produced per unit mass of sample. 

Gas volumes were either normalized or not normalized to standard conditions (273.15 K and 1 bar, 

e.g., (Ragaglini et al. 2014)), with units of litres or cubic meters. Sample mass was reported as either 

oven-dried total mass or mass of volatile solids.  

Batch methods generally resemble the biochemical oxygen demand (BOD) test for water and 

wastewater samples, in that they are batch assays using a relatively small sample size and an 

inoculum (microbial seed), and are conducted over time periods in the range of 10 to 90 days 

(Chynoweth et al. 1993). The biochemical methane potential (BMP) procedure (Owen et al. 1979, 

Hansen et al. 2004), also known as the anaerobic biogasification potential (ABP) assay (Schievano et 

al. 2008), is the most commonly cited estimator of the potential anaerobic methane production from 

biomass in the literature we consulted. As an alternative, the Hohenheim Biogas Yield Test (HBT) has 

emerged in recent literature as an alternative batch assay test and is defined by the standard 

method VDI 4630 (VDI 2006). Four studies in this review employed this procedure (Gizińska-Górna et 

al. 2016, Wöhler-Geske et al. 2016, Riggio, Comino, and Rosso 2015, Risén et al. 2013). 

All full-scale and most small-scale biogas reactors are continuous-flow reactors, with the biomass 

feedstock continuously delivered to the reactor and the residue continuously removed. Methane 

yield measurements for this type of reactor, both at the laboratory scale and full scale, involve 

measuring the flux of methane evolved and the flux of total or volatile solids of biomass fed to the 

reactor. Typical units for this measurement are Nm3 CH4/day for methane flux and kg-VS/day for the 

biomass flux. For these reactors we divide methane flux by biomass flux and report the value as the 

specific methane production (SMP) with units of LN/kg-VS. Because most production reactors use a 

mix of feedstocks (e.g., animal manure and plant residue), reporting biomass with units of volatile 

solids is more practical than total solids. BMP values reported relative to total solids, in contrast, 

permit more convenient calculations of energy yield (LN CH4/kg dry mass) relative to biomass 

production (kg/m2). In full-scale reactors both BMP and SMP values are commonly reported.  

3.2.2.5 Water Balance 

Recovery of reclaimed water as a resource in CWs is strongly affected by the amount of water 

transpired by the plants and losses through direct surface evaporation. Groundwater exchanges can 

be important in CW water balances, but through proper design and construction, losses through 

seepage can be eliminated or minimized and are not considered in this study.  

In nearly all studies cited, ET was measured directly in pilot or small-scale CWs, using a simple water 

balance: 

 𝑄𝑂 =  𝑄𝐼 + 𝐴(𝑃 − 𝐸𝑇𝐶) Equation 2 

in which the difference in flow into and out of the wetland (QO and QI) and direct precipitation (P) 

were measured, and the mass balance equation was solved for crop ET (ETC) on an areal (A) basis. 

Borin et al. (2011) cited ET studies in natural wetlands in which indirect methods for measuring ET 

were used, however for this study only direct measurements are reported. Consistent with the 

literature consulted for this study, our database lists ET as either a daily value averaged over 

consecutive 10-day periods, with units of mm/day or as a cumulative ET value with units of mm over 

the study period. 
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3.2.3 Results 

3.2.3.1 Biomass Yield 

Biomass Density 

A survey of the literature resulted in almost 800 observations for biomass density in more than 20 

countries for the four wetland plants considered for this study (Figure 3.2.7,   
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Table 3.2.1). The average biomass density for all observations combined was 2,143 +/- 1,786 g/m2 

(n=798). By plant type, not sorted by the wetland type, C. papyrus had the highest average density of 

4,297 +/- 3,302 g/m2 (n=81), followed by A. donax (2,788 +/- 2,495 g/m2, n=208), Phragmites spp. 

(1,755 +/- 1,168 g/m2, n=286), and Typha spp. (1,232 +/- 918 g/m2, n=217). A histogram of these 

data by plant type (Figure 3.2.8), shows that the observations for biomass density are lognormally 

distributed, with most observations occurring below 5,000 g/m2, but with at least several 

observations of densities greater than 10,000 g/m2 for all plants except Typha spp.. The presence of 

outlying high densities can be seen in the box and whisker plots of data by plant type and wetland 

type in Figure 3.2.9. 

 

Figure 3.2.7: Geographic distribution of all wetlands that were assessed in this publication 

 

Figure 3.2.8: Frequency of biomass yield classes by plant type 
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Figure 3.2.9: Distribution of biomass yield by plant and wetland type. 

The data sorted by wetland type revealed a consistent pattern across the four wetland plants, with 

highest densities occurring in CW, followed by natural wetlands, and wetland plants in upland soil or 

agricultural settings (Table 3.2.2 and Figure 3.2.9). A. donax had the highest average biomass density 

in CWs (6,066 +/- 4,505 g/m2, n=9), followed by C. papyrus (3,553 +/- 2,463 g/m2, n=10), Phragmites 

spp. (1,901 +/- 1,343 g/m2, n=188), and Typha spp. (1,587 +/- 900 g/m2, n=83).  

Table 3.2.2: Descriptive statistical analysis of above ground biomass in mature stands of wetlands (g/m2) 

All Data n Mean Med St. Dev. Min Max 

A. donax 208 2,788 2,495 1,795 284 12,500 

C. papyrus 81 4,297 3,245 3,303 799 19,972 

Phragmites spp. 286 1,755 1,168 1,816 20 13,235 

Typha spp. 217 1,232 918 1,173 7 7,134 

Constructed Wetlands             

A. donax 9 6,066 4,505 3,378 2,400 12,500 

C. papyrus 10 3,553 2,463 2,401 2,082 9,300 

Phragmites spp. 188 1,901 1,343 1,841 92 13,235 

Typha spp. 83 1,587 900 1,623 117 7134 

 

The high magnitudes of variability observed in the biomass density data reflect the effects of 

climate, season, latitude, and elevation, as well as access to nutrients and water. Figure 3.2.10 shows 

biomass density plotted versus latitude (south-latitude observations are included with north-latitude 

observations as positive). The data show a generally higher biomass density at mid-latitudes, 

although Phragmites spp. attained high densities at all latitudes for which data were available. 

Relatively few data were available from low latitudes. Most of the observations for C. papyrus were 

from a series of studies conducted in equatorial natural wetlands.  
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Figure 3.2.10: Distribution of biomass by plant type and latitude 

Data from tropical areas were, in general, limited; most of the observations were from C. papyrus 

wetlands in equatorial Africa. Considering all data sorted by plant type, C. papyrus had the highest 

mean biomass (4,297 +/- 3,303 g/m2, n=81) of the four plants reviewed. The high standard deviation 

reflects a likely elevation effect. Mnaya et al. (2007) observed that the highest biomass densities of 

C. papyrus occurred at elevations over 1,500 meters above sea level. C. papyrus biomass densities in 

CW in Italy (Tuttolomondo et al. 2015) were lower than many of the higher-elevation observations 

from Africa, but with a mean of 3,553 +/- 2,463 g/m2 (n=10) still placed C. papyrus with the second-

highest mean biomass density of the four plants reviewed (Table 3.2.2). 

Effects of Harvesting  

Most wetlands, both natural and constructed, function in the absence of routine harvesting or 

thinning, except through seasonal die-off. Recovery of biomass as an energy source requires 

consideration of the effects of harvesting on the wetland community. We examined three aspects of 

harvesting wetland plants: Implications on biomass yield of the timing of harvest and the number of 

harvests per year, how the timing of harvesting affects the moisture content of the plants, and the 

overall longevity of wetland plants under routine harvesting conditions.  

Most studies reported one harvest annually, with the date of harvest ranging from late summer to 

mid-winter in temperate, north-latitude locations. Köbbing (2013) found that summer harvests of 

Phragmites spp. yielded 500 to 2,000 g/m2, while winter harvests resulted in biomass densities of 

450 to 1,000 g/m2. Studies that compared the biomass yield of two harvests annually with that of a 

single harvest did not show a significant difference in yield (Dragoni et al. 2015). Harvesting 

frequencies greater than two per year, however, did result in poor plant regrowth and lower annual 

biomass yields (Jinadasa et al. 2008a).  

Moisture content at the time of harvest depended strongly on the time of year of harvest. For 

example, Molari et al. (2014) planted A. donax, Typha spp., and Phragmites spp. in soil substrates at 

four locations in Italy and harvested plants in November, January, and March. Moisture content 

decreased with time for all three plants; the average November/January/March moisture contents 

(% moisture) of the plants were: A. donax = 61.0/57.1/50.2, Typha spp. = 62.0/57.6/37.0, and 
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Phragmites spp. =  48.9/41.9/33.9. Kask et al. (2013) measured the moisture content of natural 

stands of Phragmites spp. in Estonia and observed peaks of about 50% in mid-summer (August) with 

steady reduction to about 20% in mid-winter (February). Similarly, Graneli (1984) observed the 

moisture content of Phragmites spp. in Sweden to vary from 65% in August to 23% in February. 

The long-term health and condition of wetland plants under conditions of routine harvesting has not 

been reported for CW. Recent studies on A. donax in agricultural settings have been conducted in 

Italy. Experimental designs measured biomass yield under varying conditions of irrigation and 

fertilization of plants harvested once or twice annually for up to ten years. These studies indicated 

decreasing biomass yield after about seven years of repeated harvesting (Nassi o Di Nasso, Angelini, 

and Bonari 2010) and that the longevity of individual plants does not exceed about ten years (Monti 

and Zegada-Lizarazu 2015). 

3.2.3.2 Energy Yield 

Direct combustion 

The heat released on combustion for the four plants considered in this study, reported as High 

Heating Values (HHV, MJ/kg), did not vary widely across studies or plant types (Table 3.2.3). The 

mean HHV from all studies for dry and pelleted plant matter was 18.1 +/- 1.5 MJ/kg (n=15). 

Treatment to increase density and improve combustion characteristics also increased the caloric 

value per unit mass. Char derived from A. donax by pyrolysis at 500 and 800oC resulted in HHV yields 

of 25.6 and 27.1 MJ/kg, respectively (Basso et al. 2005). Briquettes of carbonized C. papyrus using 

5% and 10% by weight of cassava binder yielded 20.0 and 20.5 MJ/kg, respectively (Morrison et al. 

2014). The HHV yield from wetland plant biomass was comparable to, but usually less than, several 

observations (Morrison et al., 2014) of traditional combustion fuels, including Acacia spp. firewood 

(18.9 MJ/kg), USA pillow briquettes (23.7 MJ/kg), and Kenyan charcoal (32.7 MJ/kg). The efficacy of 

wetland biomass in direct combustion is affected by the physical and chemical properties of the 

biomass. Moisture content at time of combustion affects the amount of heat released, as some of 

the energy released by the combustion of the biomass must be dedicated to converting water to 

steam. The LHV term accounts for this heat loss.  

Table 3.2.3: High-heating value (HHV) and ash content as indication of the heat content of dry plant material and 
combustible fuels 

 Preparation HHV Ash Source 

    (MJ/kg) (%)  

Untreated Plants        

A. donax Dry Raw Material 17.5 +/- 1.0 6.1 +/- 1.1 (La Bella et al. 

2016),(Zema et al. 

2012)(Ragaglini et al. 

2014),(Molari et al. 

2014),(Nassi o Di Nasso, 

Angelini, and Bonari 

2010),(Basso et al. 2005) 

(Dahl and Obernberger 

2004),(Luciana G. Angelini 

et al. 2009),(Coulson and 

Bridgwater 

2004),(Jeguirim, Dorge, 
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and Trouve 2010),(Pari et 

al. 2015),(Scordia et al. 

2016),(Vamvuka and 

Sfakiotakis 2011) 

C. papyrus 

Dry Raw Material 16.8   

(Perbangkhem and 

Polprasert 2010) 

Dry Stem Only 17.5   (Morrison et al. 2014) 

Phragmites spp. Dry Raw Material 18.3 +/- 1.1 6.0 +/- 2.7 (Zema et al. 

2012),(Gizińska-Górna et 

al. 2016),(Molari et al. 

2014),(Kask, Kask, and 

Link 2013),(Kitzler, Pfeifer, 

and Hofbauer 

2012),(Gravalos et al. 

2010),(Solano, Soriano, 

and Ciria 2004),( ažić et 

al. 2015) 

Typha spp. Dry Raw Material 18.9 +/- 1.1 7.4 +/- 3.0 (Zema et al. 2012),(Molari 

et al. 2014),(Grosshans 

2014),(Gravalos et al. 

2010),(Solano, Soriano, 

and Ciria 2004),(Ciria, 

Solano, and Soriano 2005) 

Charcoal        

A. donax 

Char derived by pyrolysis 

at 500oC 24.2 10.4 

(Saikia et al. 2015) 

A. donax 

Char derived by pyrolysis 

at 500oC 25.6 11.3 

(Basso et al. 2005) 

A. donax 

Char derived by pyrolysis 

at 800oC 27.1 13.2 

(Basso et al. 2005) 

C. papyrus 

Carbonized, 5% by weight 

casava binder 20.0   

(Morrison et al. 2014) 

C. papyrus 

Carbonized, 10% by weight 

casava binder 20.5   

(Morrison et al. 2014) 

C. papyrus Briquette 20.5   (Jones 1983) 

Phragmites spp. 

Average of pellets, 

briquettes, and bales 14.0   

(Köbbing, Thevs, and 

Zerbe 2013) 

Typha spp. Pellet, starch binder 16.8 6.2 (Grosshans 2014) 

Unknown Kenyan charcoal 32.4   (Morrison et al. 2014) 

Unknown USA pillow briquette 23.7   (Morrison et al. 2014) 

Acacia xanthophloea Firewood 18.9   (Morrison et al. 2014) 

Wheat straw Raw Material   4.0 (McKendry 2002) 

Straw Briquette 18.5 6.2 ( ažić et al. 2 1 ) 

Meadow Hay Briquette 19.5 4.9 ( ažić et al. 2 1 ) 

Wood Raw Material, 15% MC 15.0 - 22.3 0.7 - 1.5 (Grosshans 2014) 

Wood Raw Material 18.6 1.0 (McKendry 2002) 

Wood Chips 10.4 0.6 - 1.5 (Grosshans 2014) 

Wood Pellet (Standards) 16.9 - 18.0 < 0.5 - 3 (Grosshans 2014) 

Wood Pellet 19.0 - 19.2 0.4 - 0.5 ( ažić et al. 2 1 ) 

Wood Pellet with Phragmites 19.9 0.7 ( ažić et al. 2 1 ) 
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Wood Pellet 20.3   

(Dahl and Obernberger 

2004) 

Barley straw Raw Material   6.0 (McKendry 2002) 

Other Material        

Peat Raw Material 20.8 5.0 ( ažić et al. 2 1 ) 

Anthracite Raw Material 30 - 35 10.5 (Grosshans 2014) 

Bituminous coal Raw Material 20.9 - 33.4 6 to 12 

(Grosshans 

2014),(McKendry 2002) 

Lignite Raw Material   5.0 (McKendry 2002) 

Propane Raw Material 46.4 0.0 (Grosshans 2014) 

Natural Gas Raw Material 48.0 0.0 (Grosshans 2014) 

Fuel Oil Raw Material 37.0 0.0 (Grosshans 2014) 

 

The ash content of biomass is relevant in terms of the amount of residue requiring disposal, 

maintenance of combustion devices, and particulate emissions (Werther et al. 2000). The ash 

contents of the wetland plants reviewed for this study ranged from 5% to 10% dry mass (Table 

3.2.3). Dragoni et al. (2015) and Nassi Di Nasso et al. (2010) observed that ash contents of A. donax 

were higher for plants harvested during the summer than for winter harvests. Kask et al. (2013) 

found higher ash content in summer harvests of Phragmites spp. as well. Angelini et al. (2005) 

observed that fertilized crops of A. donax demonstrated both higher biomass yield and lower ash 

content. The ash content of common peat and coal are within the range of wetland plant biomass, 

as are common energy crops. Wood, however, in all forms commonly used for combustion (i.e., bulk 

wood, chips, and pellets), has much lower ash content than biomass, usually less than 1% and often 

less than 0.5% (Table 3.2.3). 

Biogas 

Limited data were available for biogas yield for the four plants under consideration in this study. 

Data could only be found for A. donax and Phragmites spp. The studies that analysed A. donax 

reported a mean methane yield of 297 LN/kg (  
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Table 3.2.4). The two studies analysing Phragmites spp. reported 108 and 236 LN/kg. Several studies 

compared pre-treatment steps such as ensilage (Corno, Pilu, et al. 2016), ensilage with ammonia 

addition (S. Liu et al. 2015), steam cooking (Di Girolamo et al. 2013), and pre-conditioning with 

hydrochloric acid (Toscano et al. 2015) and sodium hydroxide (Di Girolamo et al. 2013). All of these 

pre-treatment techniques resulted in methane yields that fell within the range of values observed 

for raw material (  
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Table 3.2.4). Corno et al. (2016) compared methane yields of A. donax with several food and energy 

crops. They determined that A. donax produced higher methane yields (363 +/- 2 LN/kg) than corn 

(330 +/- 7 LN/kg), sorghum (317 +/- 12 LN/kg), rye (293 +/-3 LN/kg), or triticale (340 +/- 5 LN/kg).  
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Table 3.2.4: Methane yield of plants using batch assay tests (Methods assessed were BMP = Biochemical Methane 
Potential, HBT = Hohenheim Biogas Yield Test and LB = Laboratory Bioreactor) 

Plant Preparation Method Methane Yield Source 

      (LN/kg-DM)   

A. donax Raw LB 147 - 170 (L. Yang and Li 2014) 

Raw BMP 168 (S. Liu et al. 2015) 

Raw BMP 253 (Corneli et al. 2016) 

Raw BMP 340 (Dragoni et al. 2015) 

Raw BMP 363 +/- 2 (Corno, Pilu, et al. 2016) 

Raw BMP 360 +/- 50 (Ragaglini et al. 2014) 

Ensilage: trench BMP 299 +/- 21 (Corno, Pilu, et al. 2016) 

Ensilage: bag BMP 351 +/- 2 (Corno, Pilu, et al. 2016) 

Ensilage with NH3 addition BMP 182 (S. Liu et al. 2015) 

Separated leaves, HCl 

pretreatment BMP 211 (Toscano et al. 2015) 

Steam cooking BMP 298 - 355 (Di Girolamo et al. 2013) 

NaOH pretreatment BMP 227 - 259 (Di Girolamo et al. 2013) 

A donax silage mixed with 

plant and animal waste 

(Mix 1) BMP 289 +/- 23 (Corno, Pilu, et al. 2016) 

A donax silage mixed with 

plant and animal waste 

(Mix 2) BMP 274 +/- 17 (Corno, Pilu, et al. 2016) 

A donax silage mixed with 

plant and animal waste BMP 241 

(Riggio, Comino, and Rosso 

2015) 

Phragmites spp. 

Raw LB 108 +/- 6 

(Gizińska-Górna et al. 

2016) 

Raw HBT 236 +/- 35 (Wöhler-Geske et al. 2016) 

Miscanthus Raw BMP 152 (L. Yang and Li 2014) 

Switchgrass Raw BMP 212 (L. Yang and Li 2014) 

Corn Raw BMP 330 +/- 7 (Corno, Lonati, et al. 2016) 

Sorghum Raw BMP 317 +/- 12 (Corno, Lonati, et al. 2016) 

Rye Raw BMP 293 +/- 3 (Corno, Lonati, et al. 2016) 

Wood cuttings Raw BMP 172 +/- 29 (Triolo et al. 2012) 

 

Data from production reactors are shown in Table 3.2.5. BMP values from reactors co-digesting a 

mix of wetland biomass with other plant and animal substrate reported from 241 to 289 LN/kg 

(Corno, Lonati, et al. 2016). Table 3.2.5 provides data on SMP for laboratory and full-scale biogas 

reactors. Methane production in these reactors ranged from 219 to 372 LN/kg-VS for reactors 

ranging in size from 2-liter laboratory reactors to 6,000-m3 full-scale reactors. In laboratory-scale 

studies, (Corno, Lonati, et al. 2016; Riggio, Comino, and Rosso 2015) compared methane yields for 

reactors substituting traditional biomass with wetland plants. Riggio et al. (2015) substituted some 

of the cheese whey, in a mixture that included cattle manure, with Phragmites spp. Corno et al. 

(2016) substituted corn with A. donax in a mixture that included swine manure. In both cases, the 

mixture that included wetland biomass had methane yields that were lower than the traditional 
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substrate mixes. In the only full-scale test using wetland plants, Corno et al. (2016) reported 

methane yields for mixtures containing A. donax of 304 and 319 LN/kg-VS. 

Table 3.2.5: Methane yield as specific methane production (SMP) of different substrates and substrate combination 

Substrate 

Reactor 

Volume Scale SMP Source 

      L/kg-VS   

Corn and swine manure (36/64) 
2 L Laboratory 

320 +/- 12 (Corno et al. 

2015) A. donax and swine manure (33/67) 265 +/- 26 

Cattle manure, cheese whey (50/50) 

128 L Laboratory 

241 (Riggio, 

Comino, and 

Rosso 2015) 

Cattle manure, cheese whey, Phragmites 

spp (50/50/10) 
219 

Cattle slurry and whey (65/35) 

128 L Laboratory 

243 (Comino, 

Riggio, and 

Rosso 2012) 

Cattle slurry and whey (50/50) 343 

Cattle slurry and whey (35/65) 383 

Swine and cattle manure with maise silage, 

milk whey, and rice culture 
1,600 m3 Full 355 +/- 35 

(Schievano et 

al. 2011) 

A. donax co-digested with plant and animal 

biomass (Mix 1) 
2,660 m3 Full 

319 

(Corno, Pilu, et 

al. 2016) 

A. donax co-digested with plant and animal 

biomass (Mix 2) 
304 

Municipal solid waste 
4,000 m3 Full 372 +/- 41 

(Schievano et 

al. 2011) 

Swine manure with agricultural residue and 

olive mill and bakery waste 6,000 m3 Full 
364 +/- 50 

(Schievano et 

al. 2011) 

 

3.2.3.3 Water Balance 

Water balance data for CWs were limited, and nearly all studies were conducted on small, pilot-scale 

systems ranging in surface area from 1.0 to 50 m2 (  
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Table 3.2.6). Average daily ET varied from 8 to 57 mm/day and cumulative ET varied from about 

2,700 to 4,400 mm. As a comparison, in agricultural settings, Hickman et al. (2010) observed an 

average daily ET for corn (Zea mays) of 4.6 +/- 0.2 mm/day and for the energy crops Miscanthus spp. 

and Panicum spp. (switchgrass) of 5.8 +/- 0.1 mm/day and 4.6 +/- 0.1 mm/day, respectively. The 

highest observed values for ET in wetlands were reported by El Hamouri (2007) for a CW in Morocco. 

Their widely-cited values of 40 mm/day for A. donax and 57 mm/day for Phragmites spp. well exceed 

the mean for the remaining studies cited here of 14 and 19 mm/day for A. donax and Phragmites 

spp.  
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Table 3.2.6: Evapotranspiration (ET) and hydraulic loading rate (HRT) in constructed wetlands; only time series assessments 
and comparison of wetlands in identical locations can permit direct comparison of ET rates of different plants. 

Location 

Latitu

de 

Wetla

nd 

Are

a 

Study 

Period HLR ET 

Total 

ET Source 

    Type 

(m2

)   

(mm/

d) 

(mm/

d) (mm)   

Arundo donax                 

Sicily, Italy 

37.25°

N SSF-H 4.5 Apr - Nov 35 11 2569 (Barbagallo et al. 2013) 

Sicily, Italy 

37.50°

N SSF-H 4.5 Mar - Nov 360 10 2706 (Toscano et al. 2015) 

Sicily, Italy 

37.40°

N SSF-H 50 Apr - Nov 120 18 3997 (Tuttolomondo et al. 2015) 

Sicily, Italy 

37.40°

N SSF-H 50 Apr - Nov 120 18 4509 (Tuttolomondo et al. 2015) 

Rabat, Morocco 

30.05°

N SSF-H 28 6 months 339 40 - 

(El Hamouri, Nazih, and Lahjouj 

2007) 

Cyperus 

alternifolius                 

Sicily, Italy 

38.00°

N SSF-H 33 Apr - Nov 120 13 3134 (Tuttolomondo et al. 2016) 

Sicily, Italy 

37.40°

N SSF-H 50 Apr - Nov 120 16 3837 (Tuttolomondo et al. 2015) 

Sicily, Italy 

37.25°

N SSF-H 4.5 Jun - Nov 35 8 1356 (Barbagallo et al. 2013) 

Sicily, Italy 

38.00°

N SSF-H 99 Apr - Nov 120 15 4058 (La Bella et al. 2016) 

Phragmites 

australis                 

Veneto, Italy 

45.82°

N SSF-H 0.2 Jun - Oct - 24 3048 (Borin et al. 2011) 

Curienne, France 

45.57°

N SSF-H 1.0 May - Aug 31 8 - 

(Chazarenc, Merlin, and 

Gonthier 2003) 

Leon, Spain 

42.56°

N SSF-H 1.0 Jun - Sep 50 22 - (Pedescoll et al. 2013) 

Alstonville, 

Australia 

28.85°

S SSF-H 4 Sep - Aug 

50 - 

100 9 3213 

(Headley, Davison, and Mueller 

2012) 

Sicily, Italy 

37.50°

N SSF-H 4.5 Mar - Nov 360 16 4318 (Toscano et al. 2015) 

Sicily, Italy 

37.50°

N SSF-H 4.5 Jun - Dec 23 25 4438 (Milani and Toscano 2013) 

Sicily, Italy 

37.50°

N SSF-H 4.5 Apr - Dec 17 17 4019 (Milani and Toscano 2013) 

Sicily, Italy 

37.50°

N SSF-H 4.5 Jun - Oct - 31 3899 (Borin et al. 2011) 

Rabat, Morocco 

30.05°

N SSF-H 28   339 57 - 

(El Hamouri, Nazih, and Lahjouj 

2007) 

Typha 

angustifolia                 

Leon, Spain 

42.56°

N 

FWS-

SSF 1.0 Jun - Sep 50 21 - (Pedescoll et al. 2013) 

Sicily, Italy 

38.00°

N SSF-H 33 Apr - Nov 120 15 3580 (Tuttolomondo et al. 2016) 
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Most of the available literature on ET is recent and was conducted by researchers in Italy. These 

studies (Borin et al. 2011; La Bella et al. 2016; Milani and Toscano 2013; Toscano et al. 2015; 

Tuttolomondo et al. 2015; 2016) were all conducted on pilot-scale CWs treating wastewater 

effluent. Their experiments were conducted primarily at various locations in Sicily. Borin et al. (2011) 

conducted a paired study with identical experimental design in Sicily (southern Italy) and the Veneto 

(northern Italy). All of the Italian studies had identical experimental designs with regard to water 

balance and used combinations of all four plants selected for this study. Average ET (mm/day) was 

calculated in consecutive 10-day periods during the growing season (Figure 3.2.11a). The cumulative 

ET (mm) values over each growing season are shown in   
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Table 3.2.6. 

 

Figure 3.2.11: Ten-day average (a) and cumulative (b) evapotranspiration for plants in constructed wetlands in Italy over 
complete growing seasons (ET – Evapotranspiration) 

Seasonal variation in daily ET is similar in nearly all of the studies and reflects the growth stages 

typical of wetland plants in a temperate climate. The seasonality so evident in studies conducted in 

temperate Italy was not apparent in a study conducted in sub-tropical Australia. Headley et al. 

(2012) conducted a two-year study of Phragmites spp. and found no variation in ET with season 

(Figure 3.2.12a). Similarly, the plots of cumulative ET (Figure 3.2.12b) are relatively straight lines and 

do not show the curvature that indicates large amounts of mid-season ET. 
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Figure 3.2.12: Average daily (a) and seasonal cumulative (b) evapotranspiration (ET) of Phragmites spp. and background 
evapotranspiration (ET0) in a sub-tropical setting in the southern hemisphere (redrawn from Headley, Davison, and Mueller 
2012) 

Because local conditions strongly influence ET, comparisons of ET between plant types can be 

observed in these data only by comparing the results of individual studies for which identical 

conditions are presented to two or more plant types. This is shown graphically in Figure 3.2.11, in 

which the data of Tuttolomondo et al. (2016) for Typha spp. and C. papyrus are highlighted (lines 

and markers are more bold). These data show that daily ET (Figure 3.2.11a) varies similarly for C. 

papyrus and Typha spp., but that Typha spp. always had higher daily ET than C. papyrus. The 

difference between ET between the plants is shown more clearly in the cumulative ET plots (Figure 

3.2.11b) with a cumulative ET for Typha spp. of 3,511 mm and a cumulative ET for C. papyrus of 
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3,134 mm. Pairwise comparisons of cumulative ET for plants under identical conditions (Figure 

3.2.11b inset) show the following: 

Phragmites spp.  >  A. donax  >  C. papyrus 

Typha spp.  >  C. papyrus 

Based on the Italian studies, it is not possible to rank Typha spp. relative to Phragmites spp. and A. 

donax. 

3.2.4 Discussion 
Much of the research on wetland biomass as a source of energy has been conducted on natural 

wetlands (e.g., (Wichmann 2016)) or on the agricultural production of wetland plants as energy 

crops (e.g., (Corno, Pilu, et al. 2016)). Attention has been focused only recently on CWs as a source 

of wetland biomass for energy production. Effective use of CWs as a source of energy biomass 

requires consideration of both the growth characteristics of the plants, as well as the optimum 

harvesting regime to assure sustained productivity in the wetlands.  

3.2.4.1 Biomass 

Differences in biomass density were observed among the four wetland plants reviewed for this 

study. Biomass yield showed distinct differences in settings, with CWs maintaining the highest 

biomass, followed by natural wetlands, and soil for all four of the wetland plants reviewed (Figure 

3.2.9 and Table 3.2.2). Biomass for all four plants was lognormally distributed, with small numbers of 

observations of high biomass and the remaining observations grouped closely around the mean and 

median biomass values (Figure 3.2.9). Considering only observations from CWs, among the four 

plant types, A. donax had by far the highest mean density (6,606 +/- 3,378 g/m2, n=9). Indeed, 

describing their study of a CW in Crete, Manios et al. (2002) observed, “The development of Arundo 

donax was so massive … that it became almost impossible to enter the wetland and undertake a 

thorough investigation.”  

Mean or median biomass density from highest to lowest, for CWs only, the four plants reviewed 

here have the following ranking: 

A. donax  >  C. papyrus  >  Phragmites spp.  >  Typha spp. 

Presumably biomass densities are higher in CWs because limitations on water and nutrient 

availability are relieved. Several studies of A. donax grown in agricultural settings, established an 

experimental design which co-varied irrigation and fertilization (Cosentino et al. 2014; Monti and 

Zegada-Lizarazu 2015; Ragaglini et al. 2014). In all cases, the highest biomass was achieved with the 

highest combination of fertilization and irrigation. Based only on biomass density, with all other 

factors being equal, it would be logical to select A. donax for temperate climates and C. papyrus for 

tropical climates. However, factors to be considered when selecting plants include rooting depth, 

tolerance to salinity and chemicals, suitability of the plant type to local climatic conditions, 

resistance to pests, and whether or not the plant is considered to be an exotic or invasive plant 

locally.  

Wetland plants evolved to be perennials, with annual cycles of growth and die-off. In temperate 

regions the plants prepare for winter conditions by translocating nutrients and carbohydrates from 

leaves and stems into rhizomes to conserve resources below-ground until the next growing season. 
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Natural stands of most wetland plants undergo an early-spring period of rapid growth, followed by a 

mid-season period of maturity. Lignin content in the plants increases throughout the season. 

Although it varies depending on climatic conditions, senescence and die-off occur in late-autumn or 

winter (Mitsch and Gosselink 2007). These processes are associated with a reduction in both 

moisture content and biomass density at least partly related to the loss of leaves. As leaf material is 

higher in ash content than stems, the overall ash content of the biomass decreases late in the 

growing season. Tropical wetland plants undergo the same cycles of growth, maturity, and die-off, 

but do so as individual plants, rather than as entire stands. As a result, tropical wetlands typically 

contain mixes of plants at all life-cycle stages (Muthuri, Jones, and Imbaba 1989). In locations with 

strongly seasonal rainfall patterns, the timing of annual growth cycles is more or less synchronized in 

plant communities and the timing of harvesting can follow the same principles as in temperate 

locations. 

From the perspective of energy yield, if plants are used for direct combustion, biomass harvested in 

autumn or later has the advantages of lower moisture content and lower ash content (Nassi o Di 

Nasso, Angelini, and Bonari 2010; Kask, Kask, and Link 2013; Dragoni et al. 2015). If plants are used 

for biogas production, early season harvesting has the advantage of lower lignin content, which is 

associated with better digestion kinetics (Ragaglini et al. 2014; Wöhler-Geske et al. 2016). From the 

perspective of plant regrowth and longevity, harvesting should not occur until plants are sufficiently 

mature that rhizomes have been resupplied with nutrients and carbohydrates. Otherwise, poor 

regrowth can occur in both temperate (Healy, Newell, and Rodgers 2007) and tropical climates 

(Jinadasa et al. 2008b). In warmer climates, there may be opportunity for two harvests annually 

(double harvest). In studies conducted in southern Italy, both Ragaglini et al. (2014) and Dragoni et 

al. (2015) found similar total annual biomass yield in single-harvested plots compared with double-

harvested plots. From the standpoint of biomass yield, there appears to be neither an advantage nor 

disadvantage to a double harvest, other than the labour involved in conducting a second harvest or 

availability of the biomass for processing and combustion/digestion. 

While total annual biomass yield is similar for single and double harvests, a double harvest may offer 

other advantages. Two harvests annually reduce the amount of biomass in storage awaiting energy 

conversion. Because double harvesting results in the collection of biomass at early growth stages, 

the biogas yield can be expected to be higher than for single harvests because of lower lignin 

contents. 

To summarize, in temperate climates, a single annual harvest in late summer or later is probably the 

most practical and advantageous for direct combustion. Later in the season biomass density 

declines, particularly as leaves drop from the plants, but moisture and ash contents decrease, 

creating better handling and higher fuel quality. For biogas production, earlier harvests or double 

harvests can result in higher methane yield due to lower lignin contents. In tropical climates without 

strong rainfall seasonality, it may be possible to divide the CW into separate units and harvest each 

unit annually, but at different times of the year. For example, in a system of four units or cells, a 

different cell could be harvested every three months. Operational performance of the CW in its 

entirety could be optimized by keeping plants in rapid-growth phases and the supply of biomass for 

energy conversion can be spread equally over the year. 
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3.2.4.2 Energy 

Direct Combustion 

Wetland plants do not vary widely in their energy yield on combustion. The HHV range for all 

observations of dried and untreated or pelletized biomass without amendments fell within the range 

of 14 to 21 MJ/kg, with an average yield of 18.2 +/- 1.3 MJ/kg (n=21). There was no observed effect 

of plant type, nutrient availability, seasonality, or setting (soil, natural wetland, or constructed 

wetland). Several issues exist with using wetland plants for direct combustion a) moisture content, 

b) bulk density, c) the resulting low energy density, and d) ash and slag formation. 

Energy yield decreases with increasing moisture content (Equation 1), so accommodations to dry the 

biomass are necessary before use or further processing. The moisture content of wetland plants at 

the time of harvesting ranges from 20% to over 50% depending on local conditions and the season of 

harvest. In temperate regions moisture content is lowest in mid-winter/early spring (March) (Molari 

et al. 2014), but biomass may be reduced by then as well, resulting in an overall lower energy yield. 

Treatment to improve portability, such as carbonization to form charcoal or char, increased the 

energy yield per unit dry mass to the range of 20 to 25 MJ/kg, which is consistent with common 

wood fuels (Table 3.2.3). 

The bulk density of dried wetland biomass (e.g., 60 kg/m3 for Phragmites spp.(Kask, Kask, and Link 

2013)) is much lower than that of woody biomass (e.g., 250 – 300 kg/m3 for wood chips (Kask, Kask, 

and Link 2013)). If the biomass is used in dried and untreated conditions, accommodation needs to 

be made for the relatively large volume the biomass will occupy. In their discussion of agricultural 

residues as an energy sources, Purohit et al. (2006) calculated the costs of transportation for 

materials with low bulk density and concluded that numerous on-site processing stations were 

necessary to reduce transportation costs to economical levels. 

The low bulk density of wetland biofuels can also cause a range of combustion problems, including a 

relatively low energy yield per unit volume (low energy density), variability or inconsistency in the 

release of heat on combustion, difficulty in controlling the rate of combustion, rapid burning, which 

requires more frequent refuelling (Werther et al. 2000), and air quality problems associate with 

incomplete combustion (Dahl and Obernberger 2004). The latter should clearly be avoided as a 

leading cause of death are respiratory diseases caused by poor air quality from cooking fumes (WHO 

2016). 

Incomplete combustion was observed by Dahl and Obernberger (2004) when using a 150 kW pilot 

plant in Austria to compare the combustion characteristics of wood pellets with three perennial 

grasses, including dried, chopped A. donax. They reported relatively poor performance from A. 

donax due in part to the low bulk density of the chopped biomass, which led to low energy density 

and a lower combustion temperature than achieved with the other fuels. As the chopped biomass 

combusted, light fuel particles were carried into the flue gas stream. The incomplete combustion of 

these particles resulted in high CO emissions and an increase of dust emissions. 

At a larger scale, Kitzler et al. (2012) experimented with combustion of dry, chopped Phragmites spp. 

in a 3 MW heating plant, also in Austria, designed to operate using wood chips. In their experimental 

runs, the wood-chip fuel was supplemented with Phragmites spp., then for a short period, the 
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facility operated using only Phragmites spp. In their four trial runs, Kitzler et al. (2012) encountered 

no combustion or performance problems with mixtures of wood chips (100%, 70%, 50%, and 0%) 

and Phragmites spp. (0%, 30%, 50%, and 100%), however the feeding system did not operate 

properly with 100% Phragmites spp.. They concluded that with modifications to the fuel delivery 

system, the plant should be able to operate effectively with Phragmites spp. biomass. 

Problems of energy density, incomplete or inconsistent combustion, and product delivery can be 

addressed through densification. However, there remain concerns in the use of biomass for 

combustion related to its high ash content and problems with slag formation. The ash content of 

wetland biomass, ranging between 5% and 10% dry mass, is higher than wood, but within the range 

of other energy crops and coal (Table 3.2.3). 

At least some of the problems that Dahl and Obernberger (2004) and Kitzler et al. (2012) 

encountered with combustion of wetland biomass may have been avoided through densification of 

the biomass, although densification increases cost and complexity in the energy delivery chain. Bulk 

density can be increased through several processes, including compression of the dry, raw material 

into pellets or briquettes (Werther et al. 2000) or using thermal processes to remove moisture and 

carbon to create charcoal, then compressing the biomass into briquettes (Morrison et al. 2014). 

With the compression of the biomass, moisture content generally decreases and the energy density 

of the material increases (Table 3.2.3). Combustion processes can be regulated with greater control 

and predictability. With more complete combustion, lower concentrations of CO and particulate 

matter can be expected.   

Biomass can be condensed either with or without thermochemical treatment. Werther et al. (2000) 

and Grosshans (2014) describe the technology available for producing briquettes, cubes, and pellets 

from dried, chopped wetland biomass. Werther et al. (2000) note that unlike wood, wetland plant 

stems and leaves have waxy outer cuticles that cause the biomass to resist formation into 

condensed blocks that do not crumble apart. Binding agents, consisting of wood or other additives 

can improve the adhesion of the material and in some cases, improve the combustion 

characteristics. Conversion of wetland biomass to charcoal further increases the energy content per 

unit mass and has advantages of lower storage and transportation costs, improved ease of use, and 

in most cases, improved combustion characteristics and emission quality (Purohit, Tripathi, and 

Kandpal 2006). Morrison et al. (2014) tested a low-technology process to produce charcoal cubes 

using C. papyrus biomass. Their strategy can be a model for small-scale production of fuel sources in 

developing countries. 

Biogas 

Although the use of biogas reactors has become common in developing countries, their use of 

wetland biomass remains rare. The most common substrates are household waste, manure, and 

other organic waste products. The opportunity to connect expertise in managing anaerobic digesters 

with the potential availability of wetland biomass as a substrate has yet to be exploited. Household-

scale systems typically use organic wastes produced by the household and biogas is used on-site, 

with no need for processing or distribution.  

Most of the measurements made on gas yields were derived from the biochemical methane 

potential (BMP), or similar batch assays. The range of methane yields for A. donax was 147 to 363 

LN/kg for dried, untreated biomass. The methane yields for A. donax biomass which had undergone 
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some form of pre-treatment ranged from 182 to 355 LN/kg. Only two studies were available for 

methane yield of Phragmites spp., and these reported yields of 108 and 236 LN/kg (Table 3.2.3). The 

data available on production reactors shows that wetland plants can be effective in co-generation of 

methane. We could not find reliable data on methane production from Typha spp. or C. papyrus.  

The problem of lignin recalcitrance has been widely recognized in use of energy crops for biogas. 

With the exception of ensilage, many of the pre-treatment steps shown in Table 3.2.3 are intended 

to decompose some of the lignin to better prepare the biomass for fermentation (Ge et al. 2016). 

Ensilage as a pre-treatment step is not intended to improve biogas yield, although silage preserves 

biomass through a fermentation process that creates alcohols and acids which inhibit microbial 

decomposition of the biomass (McDonald 1981). In fact, in comparisons of raw with ensiled A. 

donax, Corno et al. (2016) found that ensiled biomass has lower potential methane yield. As with 

grain crops for food storage, ensilage provides a strategy to store summer-harvested wetland 

biomass for fermentation later in the year (Corno, Lonati, et al. 2016).  

Several recent reviews summarize the state of practice, potential for development, and challenges in 

biogas as an energy resource in developing countries. Surendra et al. (2014) address biogas as a 

sustainable energy source in developing countries and Gebreegziabher et al. (2014) focus more 

specifically on urban applications in Sub-Saharan Africa. Bond and Templeton (2011) provide an 

excellent history of the use of biogas worldwide. 

Biogas yields from small digesters vary with organic loading and environmental conditions, but as a 

rule of thumb, produce about 0.5 m3/day of biogas (500 L/day biogas or about 300 L /day CH4) per 

cubic meter of reactor volume (Bond and Templeton 2011). Lower yields are commonly observed 

under conditions where temperatures cannot be maintained in the mesophilic range or if the total 

solids content is too high (Mungwe et al. 2016). High total solids can result in poor mixing of slurry in 

the reactor and inefficient decomposition of the biomass. Mungwe et al. (2016) consider this to be a 

problem with implementation of biogas facilities in sub-Saharan Africa, where arid conditions result 

in insufficient moisture in reactors.  

Biogas produced in fermentation reactors has 57 to 70% CH4 content and trace moisture content  

(Bond and Templeton 2011), compared with natural gas, which has from 80% to 95% CH4 content 

and nearly zero moisture (Crabtree 1995). In spite of relatively high levels of non-combustible 

components, biogas can be used in a wide range of devices, including cook stoves and lanterns, 

although some modifications may be necessary for proper use. Biogas can be “upgraded” to remove 

non-CH4 gases and moisture, and many low-technology, low-energy methods have been developed 

for this purpose. Upgraded biogas has a much wider range of uses and can be compressed and 

stored, or piped through distribution systems for nearly all uses appropriate for natural gas including 

refrigeration, electricity generation, and fuel for automobiles (Vijay 2007). 

Biogas facilities at the household level use the organic refuse available from livestock, agricultural 

residues, and perhaps human waste. The throughput of organic matter at the household level is 

sufficient to offset some demand for traditional fuels, and help make families more self-sufficient, 

but is usually able to provide only a portion of the total energy needs of the household. As an 

example, Mungwe et al. (2016) documented the energy production and usage of a three-family 

community (known locally as a compound) in Cameroon, consisting of 18 persons, and some 

livestock. A 10 m3 fixed-dome reactor, fed primarily with the manure from one cow and several 
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swine, supplied this compound with about 160 L/day of biogas. The biogas required to cook one 

meal for one of the families of five in the compound ranges between 1,000 and 1,500 L (Bond and 

Templeton 2011), therefore their biogas reactor provided only about ten percent of the energy 

needs for one third of the compound and for only one meal per day of cooking. This is but one 

example, however, and the widespread use of small-scale biogas digesters worldwide indicates their 

utility in offsetting energy needs and improving energy security in developing countries. 

3.2.4.3 Water Balances 

ET dominates the water balance of most CWs. Hydraulic loading rates for CWs range from about 20 

to over 350 mm/day (  
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Table 3.2.6). Because of water demands from evapotranspiration, hydraulic loading rates lower than 

50 mm/day may not be possible. Figure 3.2.11 shows that at the peak growth stage of wetland 

plants, water demands typically exceed 20 mm/day. At the low-end of the range of ET values in 

Figure 3.2.11, either outflow from the wetlands would be at or near zero, or the wetland would 

undergo desiccation at the time of peak growth. For the purpose of our analyses, we use a HLR of 50 

mm/day. 

The design of CWs can be complex, but to simplify the water-balance analysis, we focus on two 

parameters: the hydraulic loading rate (HLR) and the per-capita loading rate. The HLR is the amount 

of influent water applied per unit surface area of the wetland, expressed as depth divided by area. In 

this study we use the units mm/day, which can be thought of as flow per unit area (mm3/day flow 

divided by the surface area of the wetland in mm2). The per-capita loading rate determines the 

surface area of wetlands necessary to support a design population with the units of m2/capita. 

The design criterion of wetland area per capita has several built-in assumptions. From the wetland 

side, the area of wetland necessary to treat a unit quantity of wastewater depends on climatic 

conditions and wastewater strength. From the population side, the wastewater produced per capita 

(or population equivalent, PE), is influenced by factors which include the amount of grey water 

diluting the waste stream.  In the design of CWs in temperate Europe, Rousseau et al. (2004) used a 

value of 7 m2/PE. German guidelines (DWA-A-262 (DWA 2006)) advise a design criterion of 4 m2/PE 

for domestic wastewater. Masi (2017) reports that French reed beds are sized at 2 m2/PE in 

temperate climates and about 0.5 to 1.0 m2/PE in tropical climates. For our analysis of the water 

balance, and subsequent calculations of water and energy production, we use the two values of 2 

m2/PE and 7 m2/PE. 

Regardless of the area criterion applied, the water demands of CWs are high. To evaluate the water 

balance of CWs we consider a hypothetical community of 200 PE in a low-latitude temperate or sub-

tropical setting with flush toilets and a centralized wastewater collection system. For a design 

criterion of 2 m2/PE the resulting wetland size is 400 m2 and for a design criterion of 7m2/PE the 

wetland size is 1,400 m2. At a HLR of 50 mm/day, the CWs would require loading rates of 20 m3/day 

and 70 m3/day, for the 2 m2/PE and 7 m2/PE designs, respectively. On a per-capita basis, the water 

demand of the wetlands ranges from 100 to 350 L/PE/day. 

These per-capita water demands are high. Many parts of the world struggle to supply potable water 

at the UN threshold of water poverty of 50 L/PE/day (WHO 2003). However, depending on the type 

of plant used in the CW, between 55% and 74% of the water entering the wetlands is available for 

subsequent use. Thus, the water actually consumed by the CWs through evapotranspiration, and not 

available for use, ranges from 28 L/PE/day to 158 L/PE/day. Still, toward the arid end of the water 

availability spectrum, implementing CWs to treat wastewater may require a careful balancing of 

water portfolios.  

3.2.4.4 A Nexus Approach to Constructed Wetlands 

Treatment and disposal of wastewater, irrigation and fertilization of agricultural lands, and the 

production of energy for domestic purposes are commonly viewed as separate systems. By 

integrating CW into food, energy, and water value chains, some communities may be able to 

maximize these resources, even in arid lands and realize economic and ecological benefits. The use 

of wastewater for irrigation of agricultural crops is becoming adopted worldwide (Hettiarachchi and 
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Ardakanian 2016). This can be considered to be a Nexus Approach to integrated environmental 

resource management as it ‘examines the inter-relatedness and interdependencies of environmental 

resources and their transitions and fluxes across spatial scales and between compartments’ (UNU-

FLORES 2015). 

In our hypothetical 200 PE community, effluent from the CW could provide 11 to 52 m3/day for 
irrigation (

Table 3.2.7). Assuming no contribution from rainfall, these quantities could irrigate 0.2 to 1.1 ha of maize crops (Hickman et 
al. 2010), with an expected yield of 750 to 3,500 kg of grain per season (

Table 3.2.7). 
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Table 3.2.7: Water demands and resource yields from constructed wetlands supporting a community of 200 population equivalent depending on the respective per-capita loading rate of 2 or 7 
m2/population equivalent 

Design Criterion: Per-capita Loading Rate = 2 m2/Population Equivalent 

  Water Energy 

Plant ET Outflow Loss 

from 

ET 

Available 

for 

Irrigation 

Irrigation 

Water 

Available 

Area 

Irrigated 

@ 100% 

Irrigation 

Grain Yield 

(Maize) 

Biomass Produced Solid Fuel Energy Percent 

of 

Annual 

Demand 

Energy 

Produced 

per Unit 

Water 

Treated 

Reduction in 

deforestation 

(Acacia) 

Biogas 

  (m3/d) (m3/d) (% of inflow) (m3/season) (ha) (kg/yr) (kg/m2) (kg/yr) (MJ/m2) (GJ/yr) (%) (MJ/m3) (ha/yr) (LN/m2) (m3N/yr) 

A. donax        5.6         14.4  28% 72%            1,915           0.31                  988             6.1         2,426         110.2           44.1  16%            6.0                    3.3         1,661         2,325  

C. papyrus        5.1         14.9  26% 74%            1,975           0.32               1,019             3.6         1,421           60.9           24.4  9%            3.3                    1.8            792         1,109  

Phragmites spp.        9.0         11.0  45% 55%            1,467           0.24                  757             1.9            760           34.8           13.9  5%            1.9                    1.1            327            458  

Typha spp.        7.1         12.9  35% 65%            1,717           0.28                  886             1.6            635           29.7           11.9  4%            1.6                    0.9            354            495  

Design Criterion: Per-capita Loading Rate = 7 m2/Population Equivalent 

  Water Energy 

Plant ET Outflow Loss 

from 

ET 

Available 

for 

Irrigation 

Irrigation 

Water 

Available 

Area 

Irrigated 

@ 100% 

Irrigation 

Grain Yield 

(Maize) 

Biomass Produced Solid Fuel Energy Percent 

of 

Annual 

Demand 

Energy 

Produced 

per Unit 

Water 

Treated 

Reduction in 

deforestation 

(Acacia) 

Biogas 

  (m3/d) (m3/d) (% of inflow) (m3/season) (ha) (kg/yr) (kg/m2) (kg/yr) (MJ/m2) (GJ/yr) (%) (MJ/m3) (ha/yr) (LN/m2) (m3N/yr) 

A. donax      19.6         50.4  28% 72%            6,702           1.10               3,458             6.1         8,492         110.2         154.2  55%            6.0                  11.7         1,661         2,325  

C. papyrus      18.0         52.0  26% 74%            6,914           1.13               3,567             3.6         4,974           60.9           85.3  30%            3.3                    6.5            792         1,109  

Phragmites spp.      31.4         38.6  45% 55%            5,135           0.84               2,649             1.9         2,661           34.8           48.7  17%            1.9                    3.7            327            458  

Typha spp.      24.8         45.2  35% 65%            6,008           0.98               3,100             1.6         2,222           29.7           41.6  15%            1.6                    3.2            354            495  
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As discussed previously, wetland biomass can be converted to solid fuel or biogas with a variety of low-maintenance 
technologies. On a unit-area basis, 1 m² of CW planted with A. donax can produce on average 110 MJ through direct 
combustion or 1,660 litres of methane from biogas production (Table 3.2.3).  As a solid fuel, wetland biomass can provide 
energy yields in a 200-person community ranging from about 12 to 150 GJ/year, depending on the wetland plant type 
selected (

Table 3.2.7). An average household in Ethiopia requires about 7 GJ/year for cooking (Tucho and 

Nonhebel 2015) and there are about five persons per home (USAID 2001), so the annual energy 

requirement for energy in this community of 40 homes is about 280 GJ/year. The biofuel produced 

by the CW can therefore supply from about 4 to 55 percent of the cooking fuel needs of the village. 

It may be possible to increase the percentage of biofuel for cooking by mixing wetland biomass with 

other household and livestock organic wastes and generating biogas in anaerobic reactors. Biogas 

production requires more coordination and complexity, but allows mixtures of other available 

organic matter to increase biogas yield (Marchetti et al. 2016) and has the potential to employ 

proven, small-scale biogas technologies. For example, the Gobar gas plant was designed to be a 

simple, family-scale anaerobic digester to process livestock waste, but which can be modified to 

treat a combination of organic materials (Pullen 2015). 

Wetland biomass as a cooking fuel can offset some of the demand for unsustainable and unhealthy solid fuels. The most 
commonly used tree species used for direct combustion or charcoal production in Sub-Saharan Africa include the following 
Acacia spp.: Acacia mearnsii, Acacia polyacantha, Acacia xanthoploea, and Acacia spectabilis (Odour, Ngugi, and wa Gathui 
2012). Acacia spp. have similar energy content to that of wetland plans (18.9 MJ/kg versus 18.1 MJ/kg, see also Table 
3.2.2). At a per-capita wood consumption rate of 0.69 m3/year (Iiyama et al. 2014), and a timber production rate of at least 
6.5 m3/ha/year (Brown 2000), roughly 140 ha/year of forests are cleared to supply solid fuel for this community of 200 
persons. Wetland biomass can reduce this demand by 0.9 to 12 ha/year, depending on the wetland plants used and the size 
of the wetlands (
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Table 3.2.7). 

The wide ranges in the values of resources recovered or conserved reflects the broad differences in 

the characteristics of the four wetland plants selected for this study, and also reflects a range in the 

size of wetlands per unit population. Arid areas may necessarily only be able to support smaller 

wetlands per unit population. However, if communities can commit to a nexus approach, water 

dedicated to irrigation and certain non-potable water resources can be used to augment wastewater 

and increase their wetland size per capita, thereby increasing the availability of water, nutrient, and 

energy resources. At the other end of the spectrum, as wetland sizes increase, availability of land for 

CW may become limiting and communities will need to optimize for competing land uses. 

 onetheless, a  exus Approach can provide a framework to evaluate a community’s options for 

resource conservation and recovery (United Nations World Water Assessment Programme 2017). 

3.2.5 Conclusions 
We conducted a review of the literature to evaluate the potential for CW as resource recovery 

systems. We focused on the use of wetland plants as a biomass energy resource and the water 

balance of CWs for their potential to provide treated effluent for agricultural use. Of the four 

wetland plants evaluated, A. donax and C. papyrus achieved high biomass densities in CWs, averaging 

over 6,000 and 3,500 g/m2, respectively. Converted to solid or gas fuel, these plants produce enough 

biomass to meet up to 55 percent of the cooking needs of the communities they serve. 

Both direct combustion and anaerobic digestion to produce biogas are feasible alternatives for 

energy conversion. Direct combustion, as dried biomass or charcoal, has advantages of low 

operational complexity and capital costs, but the potential disadvantages of low energy density and 

high ash content which may create maintenance problems with combustion units and respiratory 

health problems when cooking over open, indoor fire places. Here, harvesting in temperate areas 

yield the highest biomass in late summer/early autumn but with higher moisture content than in late 

winter; in tropical areas sequential harvesting every three months is recommended with constantly 

high moisture content. Biogas generation has the advantages of increased yield through co-

generation with other organic waste sources, a wider range of uses for the final product, and 

widespread use of biogas digesters in developing countries, but the disadvantage of higher 

operational complexity. Harvesting for biogas production is best done when lignin content is lowest – 

in early autumn in temperate areas. Both energy technologies produce a residue which can be used 

as an agricultural amendment with a high phosphorus value, but residue from biogas production has 

higher nutrient and organic contents. The water footprint of CW permits up to 60% or more of 

influent water to be reclaimed for other uses, including irrigation.  

CW to treat wastewater can be the centre of a Nexus Approach to environmental resource 

management. Energy and effluent water can offset demands for other fuel and water sources. Direct 

combustion of wetland biomass can offset some of the reliance on unsustainable solid fuels. If 

biomass replaces wood, stress on ecosystems can be reduced. If biomass replaces manure as a fuel 

source, this organic matter can be used as fertilizer, offsetting some of the needs for artificial 

fertilizers. If wetland biomass is used in anaerobic digestion, organic matter such as municipal solid 

waste, livestock waste, and food waste can be co-digested with the wetland biomass to increase 

biogas production. The residue from this process can be used as fertilizer. Implementation of this 

type of integrated system requires commitment at the community level. Incentives to make this 

approach successful include the potential for revenue generation through the marketing of the 
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resources captured by the CW, a particular opportunity in areas where sanitation systems are 

currently still lacking. 

CW to treat wastewater can act as recovery systems for water and energy and inherently are 

integrated systems. Several preconditions must be met for these systems to be effective in 

developing countries. CW require the availability of water, e.g. from flush-toilets and greywater from 

kitchen or bathroom waste. They also require wastewater collection systems which need to be 

financed, constructed, and accepted by the community. In case flush toilets and infrastructure are 

not available or affordable other, non-water centric, sanitation systems, such as dry toilets, are much 

better suited for safe defecation. Additionally, the operation and maintenance of the CW needs to be 

organized, including the logistics, infrastructure, and human resources for energy conversion of the 

wetland biomass and reuse of wastewater effluent. And finally, a market needs to be developed or 

created for the biomass energy resource and provisions made to deliver the energy to users.  

CW as integrated resource recovery systems can work on a range of scales from small communities 

to mega-cities. At the smallest and least complex scale, a CW can be designed to treat water from 

flush toilets and grey water for a small community. Dried wetland biomass can be returned to the 

community for combustion in kitchen stoves. At the largest scale, if space permits, CW can treat 

wastewater and the effluent water can be used to irrigate energy crops such as A. donax, as 

envisioned by La Bella et al. (2016). Harvested wetland biomass can be co-digested with organic 

refuse to produce methane as a municipal energy source. This integrated approach may be 

particularly effective in peri-urban areas, where the interface between urban infrastructure, high 

population density, and agricultural lands has created competition for space and resources. Overall, 

CW can provide a sustainable solution to managing resource needs for food and energy production. 

Acknowledgments: 

Tamara Avellán thanks the German Federal Ministry of Education and Research (BMBF) and the Saxon State 

Ministry for Science and the Arts (SMWK) for providing research funding for UNU-FLORES. The authors would 

also like to thank Ms. Anh Bui for her assistance in developing the database for biomass density. 

  



3.2 Constructed Wetlands for Resource Recovery in Developing Countries 
  pg.3 

 

 
 

3.2.6 References 
Angelini, L.G., L. Ceccarini, and E. Bonari. 2   . ‘Biomass Yield and Energy Balance of Giant Reed (Arundo Donax 

L.) Cropped in Central Italy as Related to Different Management Practices’. European Journal of 
Agronomy 22 (4): 375–89. 

Angelini, Luciana G., L. Ceccarini, Nicoletta Nassi o Di Nasso, and E. Bonari. 2   . ‘Comparison of Arundo Donax 
L. and Miscanthus x Giganteus in a Long-Term Field Experiment in Central Italy: Analysis of Productive 
Characteristics and Energy Balance’. Biomass and Bioenergy 33: 635–43. 

Barbagallo, Salvatore, Giuseppe L. Cirelli, Alessia Marzo, Mirco Milani, and Attilio Toscano. 2 13. ‘Effect of 
Different Plant Species in Pilot Constructed Wetlands for Wastewater Reuse in Agriculture’. Journal of 
Agricultural Engineering 44 (2s). https://doi.org/10.4081/jae.2013.402. 

Basso, M., E.G. Cerrella, E.L. Buonomo, P.R. Bonelli, and A.L Cukeirman. 2   . ‘Thermochemical Conversion of 
Arundo Donax into Useful Solid Products: Energy Sources:  ol 2 ,  o 1 ’. Energy Sources 27 (15): 
1429–38. http://dx.doi.org/10.1080/009083190523280. 

Bond, Tom, and Michael R. Templeton. 2 11. ‘ istory and Future of Domestic Biogas Plants in the Developing 
World’. Energy for Sustainable Development 15 (4): 347–54. 
https://doi.org/10.1016/j.esd.2011.09.003. 

Borin, M., M. Milani, M. Salvato, and A. Toscano. 2 11. ‘Evaluation of Phragmites Australis (Cav.) Trin. 
Evapotranspiration in  orthern and Southern Italy’. Ecological Engineering 37 (5): 721–28. 
http://dx.doi.org/10.1016/j.ecoleng.2010.05.003. 

Brown, Christopher. 2   . ‘The Outlook for Future Wood Supply from Forest Plantations’. Working Paper  3. 
Global Forest Products Outlook Study. Rome: Food and Agricultural Organization (FAO). 
http://www.fao.org/docrep/003/x8423e/X8423E00.htm#TopOfPage. 

Chazarenc, F., G. Merlin, and Y. Gonthier. 2  3. ‘ ydrodynamics of  orizontal Subsurface Flow Constructed 
Wetlands’. Ecologi 21 (2–3): 165–73. 

Chynoweth, D. P., C. E. Turick, J. M. Owens, D. E. Jerger, and M. W. Peck. 1  3. ‘Biochemical Methane Potential 
of Biomass and Waste Feedstocks’. Biomass and Bioenergy, Methane from Biomass-Science and 
Technology 1. Feedstock Development, 5 (1): 95–111. https://doi.org/10.1016/0961-9534(93)90010-2. 

Ciria, M. P., M. L. Solano, and P. Soriano. 2   . ‘Role of Macrophyte Typha Latifolia in a Constructed Wetland 
for Wastewater Treatment and Assessment of Its Potential as a Biomass Fuel’. Biosystems Engineering 
92 (4): 535–44. https://doi.org/10.1016/j.biosystemseng.2005.08.007. 

Comino, Elena,  incenzo A. Riggio, and Maurizio Rosso. 2 12. ‘Biogas Production by Anaerobic Co-Digestion of 
Cattle Slurry and Cheese Whey’. Bioresource Technology 114 (June): 46–53. 
https://doi.org/10.1016/j.biortech.2012.02.090. 

Corneli, E., F. Dragoni, A. Adessi, R. De Philippis, E. Bonari, and G. Ragaglini. 2 16. ‘Energy Conversion of 
Biomass Crops and Agroindustrial Residues by Combined Biohydrogen/Biomethane System and 
Anaerobic Digestion’. Bioresource Technology, 509–18. 

Corno, Luca, S. Lonati, C. Riva, R. Pilu, and F Adani. 2 16. ‘Giant Cane (Arundo Donax L.) Can Substitute 
Traditional Energy Crops in Producing Energy by Anaerobic Digestion, Reducing Surface Area and 
Costs: A Full-Scale Approach’. http:  www.sciencedirect.com/science/article/pii/S0960852416310288. 

Corno, Luca, Roberto Pilu, and Fabrizio Adani. 2 14. ‘Arundo Donax L.: A  on-Food Crop for Bioenergy and Bio-
Compound Production’. Biotechnology Advances 32 (8): 1535–49. 
https://doi.org/10.1016/j.biotechadv.2014.10.006. 

Corno, Luca, Roberto Pilu, Enrico Cantaluppi, and Fabrizio Adani. 2 16. ‘Giant Cane (Arundo Donax L.) for 
Biogas Production: The Effect of Two Ensilage Methods on Biomass Characteristics and Biogas 
Potential’. Biomass and Bioenergy 93: 131–36. https://doi.org/10.1016/j.biombioe.2016.07.017. 

Corno, Luca, Roberto Pilu, Fulvia Tambone, Barbara Scaglia, and Fabrizio Adani. 2 1 . ‘ ew Energy Crop Giant 
Cane (Arundo Donax L.) Can Substitute Traditional Energy Crops Increasing Biogas Yield and Reducing 
Costs’. Bioresource Technology 191 (September): 197–204. 
https://doi.org/10.1016/j.biortech.2015.05.015. 

Cosentino, Salvatore Luciano, Danilo Scordia, Emanuele Sanzone, Giorgio Testa, and Venera Copani. 2014. 
‘Response of Giant Reed (Arundo Donax L.) to  itrogen Fertilization and Soil Water Availability in 
Semi-Arid Mediterranean Environment’. European Journal of Agronomy 60 (October): 22–32. 
https://doi.org/10.1016/j.eja.2014.07.003. 

Coulson, M., and A. . Bridgwater. 2  4. ‘Fast Pyrolysis of Annually  arvested Crops for Bioenergy Applications’. 
In . Rome. 
https://www.researchgate.net/profile/Ingwald_Obernberger/publication/228722637_Evaluation_of_t



pg.112   CHAPTER 3 

 

he_combustion_characteristics_of_four_perennial_energy_crops_(Arundo_donax_Cynara_cardunculu
s_Miscanthus_x_giganteus_and_Panicum_virgatum_/links/00b4951d1c71792dc6000000.pdf. 

Crabtree, R.  . 1   . ‘Aspects of Methane Chemistry’. Chemical Reviews 95 (4). 
https://doi.org/10.1021/cr00036a005. 

Dahl, J., and I. Obernberger. 2  4. ‘Evaluation of the Combustion Characteristics of Four Perennial Energy 
Crops (Arundo Donax, Cynara Cardunculus, Miscanthus x Giganteus and Panicum  irgatum)’. In . 
Rome. 
https://www.researchgate.net/profile/Ingwald_Obernberger/publication/228722637_Evaluation_of_t
he_combustion_characteristics_of_four_perennial_energy_crops_(Arundo_donax_Cynara_cardunculu
s_Miscanthus_x_giganteus_and_Panicum_virgatum_/links/00b4951d1c71792dc6000000.pdf. 

Di Girolamo, Giuseppe, Marco Grigatti, Lorenzo Barbanti, and Irini Angelidaki. 2 13. ‘Effects of  ydrothermal 
Pre-Treatments on Giant Reed (Arundo Donax) Methane Yield’. Bioresource Technology 147 
(Supplement C): 152–59. https://doi.org/10.1016/j.biortech.2013.08.006. 

Dragoni, Federico, Nicoletta Nassi o Di Nasso, Cristiano Tozzini, Enrico Bonari, and Giorgio Ragaglini. 2015. 
‘Aboveground Yield and Biomass Quality of Giant Reed (Arundo Donax L.) as Affected by  arvest Time 
and Frequency’. BioEnergy Research 8 (3): 1321–31. https://doi.org/10.1007/s12155-015-9598-x. 

DWA. 2  6. ‘Grundsätze f r Bemessung, Bau und Betrieb von Pflanzenkläranlagen mit Bepflanzten 
Bodenfiltern zur biologischen Reinigung kommunalen Abwassers’. 
http://www.dwa.de/dwa/shop/produkte.nsf/8A1945B947DE754CC125753D0036AED1/$file/vorschau
_DWA_A%20262.pdf. 

El  amouri, B., J.  azih, and J. Lahjouj. 2   . ‘Subsurface-Horizontal Flow Constructed Wetland for Sewage 
Treatment under Moroccan Climate Conditions’. Desalination, MEDAWATER International Conference 
on Sustainable Water Management, Rational Water Use, Wastewater Treatment and Reuse, 215 (1): 
153–58. https://doi.org/10.1016/j.desal.2006.11.018. 

FAO, IFAD, and WFP. 2 1 . ‘The State of Food Insecurity in the World. Meeting the 2 1  International  unger 
Targets: Taking Stock of  neven Progress’. FAO, Rome, Italy. http:  www.fao.org 3 a-i4646e.pdf. 

Ge, Xumeng, Fuqing Xu, Juliana Vasco-Correa, and Yebo Li. 2 16. ‘Giant Reed: A Competitive Energy Crop in 
Comparison with Miscanthus’. Renewable and Sustainable Energy Reviews 54 (February): 350–62. 
https://doi.org/10.1016/j.rser.2015.10.010. 

Gebreegziabher, Zenebe, Linus Naik, Rethabile Melamu, and Bedru Babulo Balana. 2 14. ‘Prospects and 
Challenges for Urban Application of Biogas Installations in Sub-Saharan Africa’. Biomass and Bioenergy 
70 (November): 130–40. https://doi.org/10.1016/j.biombioe.2014.02.036. 

Gizińska-Górna, Magdalena, Wojciech Czekała, Krzysztof Jóźwiakowski, Andrzej Lewicki, Jacek Dach, Michał 
Marzec, Aneta Pytka, Damian Janczak, Alina Kowalczyk-Juśko, and Agnieszka Listosz. 2 16. ‘The 
Possibility of Using Plants from Hybrid Constructed Wetland Wastewater Treatment Plant for Energy 
Purposes’. Ecological Engineering 95 (October): 534–41. 
https://doi.org/10.1016/j.ecoleng.2016.06.055. 

Graneli, W. 1984. ‘Reed Phragmites Australis(Cav.) Trin. Ex Steudel as an Energy Source in Sweden’. Biomass 4 
(3): 183–208. 

Gravalos, I., D. Kateris, P. Xyradakis, T. Gialamas, S. Loutridis, A. Augousti, A. Georgiades, and Z. Tsiropoulos. 
2 1 . ‘A Study on Calorific Energy  alues from Biomass Residue Pellets for  eating Purposes’. In 
FORMEC 2010, 1–9. Padova, Italy. http://intra.tesaf.unipd.it/formec2010/proceedings/ab/ab066.pdf. 

Grosshans, Richard. 2 14. ‘Cattail (Typha Spp.) Biomass  arvesting for  utrient Capture and Sustainable 
Bioenergy for Integrated Watershed Management’, April. 
http://mspace.lib.umanitoba.ca/xmlui/handle/1993/23564. 

Hansen, Trine L., Jens Ejbye Schmidt, Irini Angelidaki, Emilia Marca, Jes la Cour Jansen, Hans Mosbæk, and 
Thomas  . Christensen. 2  4. ‘Method for Determination of Methane Potentials of Solid Organic 
Waste’. Waste Management 24 (4): 393–400. https://doi.org/10.1016/j.wasman.2003.09.009. 

 eadley, T.R., L. Davison, and R. Mueller. 2 12. ‘Evapotranspiration from Subsurface  orizontal Flow Wetlands 
Planted with Phragmites Australis in Sub-Tropical Australia’ Water Research (46): 34 –54. 

 ealy, M.G., J.  ewell, and M. Rodgers. 2   . ‘ arvesting Effects on Biomass and  utrient Retention in 
Phragmites Australis in a Free-Water Surface Constructed Wetland in Western Ireland’. Biology and 
Environment: Proceedings of the Royal Irish Academy 107B (3): 139–45. 

Hettiarachchi, Hiroshan, and Reza Ardakanian. 2016. Safe Use of Wastewater in Agriculture: Good Practice 
Examples. Dresden, Germany: UNU-FLORES. 

 ickman, George C., Andy  anloocke, Frank G. Dohleman, and Carl J. Bernacchi. 2 1 . ‘A Comparison of 
Canopy Evapotranspiration for Maize and Two Perennial Grasses Identified as Potential Bioenergy 
Crops’. GCB Bioenergy 2 (4): 157–68. https://doi.org/10.1111/j.1757-1707.2010.01050.x. 



3.2 Constructed Wetlands for Resource Recovery in Developing Countries 
  pg.3 

 

 
 

Hülsmann, Stefan, and Reza Ardakanian, eds. 2014. White Book on Advancing a Nexus Approach to the 
Sustainable Management of Water, Soil and Waste. Dresden: UNU-FLORES. 

Iiyama, Miyuki, Henry Neufeldt, Philip Dobie, Mary Njenga, Geoffrey Ndegwa, and Ramni Jamnadass. 2014. 
‘The Potential of Agroforestry in the Provision of Sustainable Woodfuel in Sub-Saharan Africa’. Current 
Opinion in Environmental Sustainability, Sustainability challenges, 6 (February): 138–47. 
https://doi.org/10.1016/j.cosust.2013.12.003. 

Jeguirim, M., S. Dorge, and G. Trouve. 2 1 . ‘Thermogravimetric Analysis and Emission Characteristics of Two 
Energy Crops in Air Atmosphere: Arundo Donax and Miscanthus Giganthus’. Bioresource Technology 
101 (2): 788–93. 

Jinadasa, K. B. S. N., N. Tanaka, S. Sasikala, D. R. I. B. Werellagama, M. I. M. Mowjood, and W. J. Ng. 2008a. 
‘Impact of  arvesting on Constructed Wetlands Performance—a Comparison between Scirpus Grossus 
and Typha Angustifolia’. Journal of Environmental Science and Health, Part A 43 (6): 664–71. 
https://doi.org/10.1080/10934520801893808. 

———. 2   b. ‘Impact of Harvesting on Constructed Wetlands Performance—a Comparison between Scirpus 
Grossus and Typha Angustifolia’. Journal of Environmental Science and Health, Part A 43 (6): 664–71. 
https://doi.org/10.1080/10934520801893808. 

Jones, M.B. 1  3. ‘Papyrus: A  ew Fuel for the Third World’. New Scientist 99: 418–21. 
Kadlec, Robert H., and Scott Wallace. 2008. Treatment Wetlands, Second Edition. CRC Press. 
Kask, Ü., L. Kask, and S. Link. 2 13. ‘Combustion Characteristics of Reed and Its Suitability as a Boiler Fuel.’ 

Special Volume: Reed as a Renewable Resource and Other Aspects of Paludiculture. 13: Article 5. 
Kitzler,  annes, Christoph Pfeifer, and  ermann  ofbauer. 2 12. ‘Combustion of Reeds in a 3 MW District 

 eating Plant’. International Journal of Environmental Science and Development 3 (4): 407–11. 
http://dx.doi.org/10.7763/IJESD.2012.V3.256. 

Kivaisi, Amelia K. 2  1. ‘The Potential for Constructed Wetlands for Wastewater Treatment and Reuse in 
Developing Countries: A Review’. Ecological Engineering 16 (4): 545–60. 
https://doi.org/10.1016/S0925-8574(00)00113-0. 

Köbbing, J.F.,  . Thevs, and S.  erbe. 2 13. ‘The  tilisation of Reed (Phragmites Australis): A Review’. Mires & 
Peat 13: 1–14. 

La Bella, Salvatore La, Teresa Tuttolomondo, Claudio Leto, Giuseppe Bonsangue, Raffaele Leone, Giuseppe 
Virga, and Mario Licata. 2 16. ‘Pollutant Removal Efficiency of a Pilot-Scale Horizontal Subsurface Flow 
in Sicily (Italy) Planted with Cyperus Alternifolius L. and Typha Latifolia L. and Reuse of Treated 
Wastewater for Irrigation of Arundo Donax L. for Pellet Production—Results of Two-Year Tests under 
Mediterranean Climatic Conditions’. Desalination and Water Treatment 57 (48–49): 22743–63. 
https://doi.org/10.1080/19443994.2016.1173384. 

Laurent, A., E. Pelzer, C. Loyce, and D. Makowski. 2 1 . ‘Ranking Yields of Energy Crops: A Meta-Analysis Using 
Direct and Indirect Comparisons’. Renewable and Sustainable Energy Reviews 46 (June): 41–50. 
https://doi.org/10.1016/j.rser.2015.02.023. 

Liu, Dong, Jie Chang, and Baojing Gu. 2 12. ‘Constructed Wetlands as Biofuel Production Systems’. Nature 
Climate Change. http://www.nature.com/nclimate/journal/v2/n3/full/nclimate1370.html. 

Liu, Shan, Xumeng Ge, Lo Niee Liew, Zhe Liu, and Yebo Li. 2015. ‘Effect of  rea Addition on Giant Reed Ensilage 
and Subsequent Methane Production by Anaerobic Digestion’. Bioresource Technology 192 
(September): 682–88. https://doi.org/10.1016/j.biortech.2015.06.034. 

Manios, T.,  . Kypriotakis,  . Manios, and G. Dialyna. 2  2. ‘Plant Species in a Two-Year-Old Free Water Surface 
Constructed Wetland Treating Domestic Wastewater in the Island of Crete’. Journal of Environmental 
Science and Health, Part A 37 (7): 1327–35. https://doi.org/10.1081/ESE-120005989. 

Marchetti, Rosa, Ciro Vasmara, Giulia Florio, and Maurizio Borin. 2 16. ‘Biomethanation Potential of Wetland 
Biomass in Codigestion with Pig Slurry - Online First - Springer’. Waste and Biomass Valorization 7 (5): 
1081–89. https://doi.org/10.1007/s12649-016-9515-3. 

Masi, Fabio. 2 1 . ‘Personal Communication’,   October 2 1 . 
McCarty, Perry L., Jaeho Bae, and Jeonghwan Kim. 2 11. ‘Domestic Wastewater Treatment as a  et Energy 

Producer–Can This Be Achieved?’ Environmental Science & Technology 45 (17): 7100–7106. 
https://doi.org/10.1021/es2014264. 

McDonald, P. 1981. The Biochemistry of Silage. Chichester, UK: John Wiley, & Sons, Inc. 
McKendry, Peter. 2  2. ‘Energy Production from Biomass (Part 1): Overview of Biomass’. Bioresource 

Technology, Reviews Issue, 83 (1): 37–46. https://doi.org/10.1016/S0960-8524(01)00118-3. 



pg.114   CHAPTER 3 

 

Mekonnen, Andualem, Seyoum Leta, and Karoli  icholas  jau. 2 1 . ‘Wastewater Treatment Performance 
Efficiency of Constructed Wetlands in African Countries: A Review’. Water Science and Technology 71 
(1): 1–8. https://doi.org/10.2166/wst.2014.483. 

Milani, Mirco, and Attilio Toscano. 2 13. ‘Evapotranspiration from Pilot-Scale Constructed Wetlands Planted 
with Phragmites Australis in a Mediterranean Environment’. Journal of Environmental Science and 
Health, Part A 48 (5): 568–80. https://doi.org/10.1080/10934529.2013.730457. 

Mitsch, William J., and James G. Gosselink. 2007. Wetlands. John Wiley & Sons. 
Mnaya, B., A. Takashi, Y. Kiwango, and E. Ayubu. 2   . ‘Primary Production in Papyrus (Cyperus Papyrus L.) of 

Rubondo Island, Lake  ictoria, Tanzania | SpringerLink’. Wetlands Ecology and Management 15 (4): 
269–75. 

Molari, Giovanni, Mirco Milani, Attilo Toscano, Maurizio Borin, Giuseppe Taglioli, Giulia Villani, and Demetrio 
 ema. 2 14. ‘Energy Characterisation of  erbaceous Biomasses Irrigated with Marginal Waters’. 
Biomass and Bioenergy 70: 392–99. 

Monti, Andrea, and Walter Zegada-Lizarazu. 2 1 . ‘Sixteen-Year Biomass Yield and Soil Carbon Storage of Giant 
Reed (Arundo Donax L.) Grown Under Variable Nitrogen Fertilization Rates’. BioEnergy Research 9 (1): 
248–56. https://doi.org/10.1007/s12155-015-9685-z. 

Morrison, E.  . J., A. Banzaert, C.  pton,  . Pacini, J. Pokorný, and D. M.  arper. 2 14. ‘Biomass Briquettes: A 
Novel Incentive for Managing Papyrus Wetlands Sustainably?’ Wetlands Ecology and Management 22 
(2): 129–41. https://doi.org/10.1007/s11273-013-9310-x. 

M ller, Alexander, Josef Schmidhuber, Jippe  oogeveen, and Pasquale Steduto. 2   . ‘Some Insights in the 
Effect of Growing Bio-Energy Demand on Global Food Security and  atural Resources’. Water Policy 10 
(S1): 83–94. https://doi.org/10.2166/wp.2008.053. 

Mungwe, Jerome  dam, Emanuela Colombo, Fabrizio Adani, and Andrea Schievano. 2 16. ‘The Fixed Dome 
Digester: An Appropriate Design for the Context of Sub-Sahara Africa?’ Biomass and Bioenergy 95 
(December): 35–44. https://doi.org/10.1016/j.biombioe.2016.09.007. 

Muthuri, F.M., M.B. Jones, and S.K. Imbaba. 1   . ‘Primary Productivity of Papyrus (Cyperus Papyrus) in a 
Tropical Swamp  Lake  aivasha, Kenya’. Biomass 18 (1): 1–14. 

Nassi o Di Nasso, N., L. G. Angelini, and E. Bonari. 2 1 . ‘Influence of Fertilisation and  arvest Time on Fuel 
Quality of Giant Reed (Arundo Donax L.) in Central Italy’. European Journal of Agronomy 32 (3): 219–
27. https://doi.org/10.1016/j.eja.2009.12.001. 

Odour, Nellie, Wairimu Ngugi, and Tameezan wa Gathui. 2012. Sustainable Tree Management for Charcoal 
Production: Acacia Species in Kenya (PDF Download Available). Practical Action Consulting (PAC). 
https://www.researchgate.net/publication/285542931_Sustainable_Tree_Management_for_Charcoal
_Production_Acacia_Species_in_Kenya. 

Owen, W. F., D. C. Stuckey, J. B.  ealy, L. Y. Young, and P. L. McCarty. 1   . ‘Bioassay for Monitoring 
Biochemical Methane Potential and Anaerobic Toxicity’. Water Research 13 (6): 485–92. 
https://doi.org/10.1016/0043-1354(79)90043-5. 

Pari, Luigi, Antonio Scarfone, Enrico Santangelo, Simone Figorilli, Silvia Crognale, Maurizio Petruccioli, 
Alessandro Suardi, Francesco Gallucci, and Maurizio Barontini. 2 1 . ‘Alternative Storage Systems of 
Arundo Donax L. and Characterization of the Stored Biomass’. Industrial Crops and Products, Advances 
in Industrial Crops and Products Worldwide: AAIC 2014 international conference, 75, Part B 
(November): 59–65. https://doi.org/10.1016/j.indcrop.2015.04.018. 

Pedescoll, A., R. Sidrach-Cardona, J. C. Sánchez, and E. Bécares. 2 13. ‘Evapotranspiration Affecting Redox 
Conditions in Horizontal Constructed Wetlands under Mediterranean Climate: Influence of Plant 
Species’. Ecological Engineering 58 (September): 335–43. 
https://doi.org/10.1016/j.ecoleng.2013.07.007. 

Perbangkhem, Thaneeya, and Chongchin Polprasert. 2 1 . ‘Biomass Production of Papyrus (Cyperus Papyrus) 
in Constructed Wetland Treating Low-Strength Domestic Wastewater’. Bioresource Technology 101 
(2): 833–35. https://doi.org/10.1016/j.biortech.2009.08.062. 

Pullen, Tim. 2015. Anaerobic Digestion: Making Biogas, Making Energy. 1st ed. The Earthscan Expert Guide. 
New York: Routledge. 

Purohit, P, A.K. Tripathi, and T.C Kandpal. 2  6. ‘Energetics of Coal Substitution by Briquettes of Agricultural 
Residues’. Energy 31 (8–9): 1321–31. 
http://dx.doi.org.libproxy.nau.edu/10.1016/j.energy.2005.06.004. 

Ragaglini, Giorgio, Federico Dragoni, Marco Simone, and Enrico Bonari. 2014. ‘Suitability of Giant Reed (Arundo 
Donax L.) for Anaerobic Digestion: Effect of Harvest Time and Frequency on the Biomethane Yield 
Potential’. Bioresource Technology 152 (January): 107–15. 
https://doi.org/10.1016/j.biortech.2013.11.004. 



3.2 Constructed Wetlands for Resource Recovery in Developing Countries 
  pg.3 

 

 
 

Riggio, Vincenzo A., Elena Comino, and Maurizio Rosso. 2 1 . ‘Above Ground Part of Common Reed to Enhance 
Anaerobic Co-Digestion of Farm Biomasses: Potential, Monitoring and Efficiency’. Ecological 
Engineering 79 (June): 35–41. https://doi.org/10.1016/j.ecoleng.2015.01.015. 

Risén, Emma, Erik Gregeby, Olena Tatarchenko, Eva Blidberg, Maria E. Malmström, Ulrika Welander, and 
Fredrik Gröndahl. 2 13. ‘Assessment of Biomethane Production from Maritime Common Reed’. 
Journal of Cleaner Production 53 (August): 186–94. https://doi.org/10.1016/j.jclepro.2013.03.030. 

Rousseau, Diederik, Peter A. Vanrolleghem, and Niels De Pauw. 2004. ‘Constructed Wetlands in Flanders: A 
Performance Analysis’. Ecological Engineering 23 (3): 151–63. 
https://doi.org/10.1016/j.ecoleng.2004.08.001. 

Saikia, Ruprekha, Rahul Singh Chutia, Rupam Kataki, and Kamal K. Pant. 2 1 . ‘Perennial Grass (Arundo Donax 
L.) as a Feedstock for Thermo-Chemical Conversion to Energy and Materials’. Bioresource Technology, 
International Conference on Emerging Trends in Biotechnology, 188 (July): 265–72. 
https://doi.org/10.1016/j.biortech.2015.01.089. 

Schievano, Andrea, Giuliana D’Imporzano, Silvia Salati, and Fabrizio Adani. 2 11. ‘On-Field Study of Anaerobic 
Digestion Full-Scale Plants (Part I): An on-Field Methodology to Determine Mass, Carbon and Nutrients 
Balance’. Bioresource Technology 102 (17): 7737–44. https://doi.org/10.1016/j.biortech.2011.06.006. 

Schievano, Andrea, Michele Pognani, Giuliana D’Imporzano, and Fabrizio Adani. 2   . ‘Predicting Anaerobic 
Biogasification Potential of Ingestates and Digestates of a Full-Scale Biogas Plant Using Chemical and 
Biological Parameters’. Bioresource Technology 99 (17): 8112–17. 
https://doi.org/10.1016/j.biortech.2008.03.030. 

Schwärzel, Kai, Reza Ardakanian, Tamara Avellán, and Lulu  hang. 2 16. ‘ exus Approach: Resource 
Management for Soil Productivity’. In Encyclopedia of Soil Science, Third Edition, 1530–34. CRC Press. 
http://www.crcnetbase.com/doi/abs/10.1081%2FE-ESS3-120054070. 

Scordia, Danilo, Douwe van den Berg, Peter van Sleen, Efthymia Alexopoulou, and Salvatore Luciano Cosentino. 
2 16. ‘Are  erbaceous Perennial Grasses Suitable Feedstock for Thermochemical Conversion 
Pathways?’ Industrial Crops and Products 91 (November): 350–57. 
https://doi.org/10.1016/j.indcrop.2016.07.019. 

Shao, Ling,  i Wu, L.  eng,  . M. Chen, Y.  hou, and G. Q. Chen. 2 13. ‘Embodied Energy Assessment for 
Ecological Wastewater Treatment by a Constructed Wetland’. Ecological Modelling, Ecological 
Modelling for Global Change and Coupled Human and Natural Systems, 252 (March): 63–71. 
https://doi.org/10.1016/j.ecolmodel.2012.09.004. 

Slade, Raphael, Ausilio Bauen, and Robert Gross. 2 14. ‘Global Bioenergy Resources’. Nature Climate Change 4 
(2): 99–105. https://doi.org/10.1038/nclimate2097. 

Smeets, Edward M. W., André P. C. Faaij, Iris M. Lewandowski, and Wim C. Turkenburg. 2   . ‘A Bottom-up 
Assessment and Review of Global Bio-Energy Potentials to 2   ’. Progress in Energy and Combustion 
Science 33 (1): 56–106. https://doi.org/10.1016/j.pecs.2006.08.001. 

Solano, M. L, P Soriano, and M. P Ciria. 2  4. ‘Constructed Wetlands as a Sustainable Solution for Wastewater 
Treatment in Small  illages’. Biosystems Engineering 87 (1): 109–18. 
https://doi.org/10.1016/j.biosystemseng.2003.10.005. 

Stoetaert, Karline. 2  4. ‘Modeling Growth and Carbon Allocation in Two Reed Beds (Phragmites Australis) in 
the Scheldt Estuary’. Aquatic Botany 79: 211–34. 

Strzepek, Kenneth, and Brent Boehlert. 2 1 . ‘Competition for Water for the Food System’. Philosophical 
Transactions of the Royal Society of London B: Biological Sciences 365 (1554): 2927–40. 
https://doi.org/10.1098/rstb.2010.0152. 

Surendra, K. C., Devin Takara, Andrew G.  ashimoto, and Samir Kumar Khanal. 2 14. ‘Biogas as a Sustainable 
Energy Source for Developing Countries: Opportunities and Challenges’. Renewable and Sustainable 
Energy Reviews 31 (March): 846–59. https://doi.org/10.1016/j.rser.2013.12.015. 

Toscano, Attilio, Alessia Marzo, Mirco Milani, Giuseppe L. Cirelli, and Salvatore Barbagallo. 2 1 . ‘Comparison 
of Removal Efficiencies in Mediterranean Pilot Constructed Wetlands Vegetated with Different Plant 
Species’. Ecological Engineering 75 (February): 155–60. 
https://doi.org/10.1016/j.ecoleng.2014.12.005. 

Triolo, Jin M., Lene Pedersen,  aiyan Qu, and Sven G. Sommer. 2 12. ‘Biochemical Methane Potential and 
Anaerobic Biodegradability of Non-Herbaceous and  erbaceous Phytomass in Biogas Production’. 
Bioresource Technology 125 (December): 226–32. https://doi.org/10.1016/j.biortech.2012.08.079. 

Tucho, Gudina Terefe, and Sanderine  onhebel. 2 1 . ‘Bio-Wastes as an Alternative Household Cooking Energy 
Source in Ethiopia’. Energies 8: 9565–83. https://doi.org/10.3390/en8099565. 



pg.116   CHAPTER 3 

 

Tuttolomondo, Teresa, Claudio Leto, Salvatore La Bella, Raffaele Leone, Giuseppe Virga, and Mario Licata. 2016. 
‘Water Balance and Pollutant Removal Efficiency When Considering Evapotranspiration in a Pilot-Scale 
 orizontal Subsurface Flow Constructed Wetland in Western Sicily (Italy)’. Ecological Engineering 87 
(February): 295–304. https://doi.org/10.1016/j.ecoleng.2015.11.036. 

Tuttolomondo, Teresa, Mario Licata, Claudio Leto, Raffaele Leone, and Salvatore La Bella. 2 1 . ‘Effect of Plant 
Species on Water Balance in a Pilot-Scale Horizontal Subsurface Flow Constructed Wetland Planted 
with Arundo Donax L. and Cyperus Alternifolius L. – Two-Year Tests in a Mediterranean Environment in 
the West of Sicily (Italy)’. Ecological Engineering 74 (January): 79–92. 
https://doi.org/10.1016/j.ecoleng.2014.10.020. 

  DP and W O. 2   . ‘The Energy Access Situation in Developing Countries: A Review Focusing on the Least 
Developed Countries and Sub-Saharan Africa’. UNDP. 2009. 
http://www.undp.org/content/undp/en/home/librarypage/environment-
energy/climate_change/climate_change_andpoverty/undp-and-energy-access-for-the-poor.html. 

United Nations World Water Assessment Programme. 2 1 . ‘The  nited  ations World Water Development 
Report 2 1 . Wastewater: The  ntapped Resource’. Paris. 
http://unesdoc.unesco.org/images/0024/002471/247153e.pdf. 

UNU-FLORES. 2 1 . ‘The  exus Approach to Environmental Resources’ Management’. 2 1 . 
https://flores.unu.edu/en/research/nexus. 

 SAID. 2  1. ‘Ethiopia Demographic and  ealth Survey 2   ’. 
http://dhsprogram.com/publications/publication-fr118-dhs-final-reports.cfm. 

 SEPA. 2  6. ‘Wastewater Management Fact Sheet, Energy Conservation, EPA 832-F-06- 24’.  .S. 
Environmental Protection Agency, Washington, DC. 

 amvuka, D., and S. Sfakiotakis. 2 11. ‘Effects of  eating Rate and Water Leaching of Perennial Energy Crops 
on Pyrolysis Characteristics and Kinetics’. Renewable Energy36, 2433–39. 
http://dx.doi.org/10.1016/j.renene.2011.02.013. 

 ažić, Tamara,  orica Svirčev, Tamara Dulić, Kosta Krstić, and Igor Obreht. 2 1 . ‘Potential for Energy 
Production from Reed Biomass in the  ojvodina Region ( orth Serbia)’. Renewable and Sustainable 
Energy Reviews 48 (August): 670–80. https://doi.org/10.1016/j.rser.2015.04.034. 

 DI. 2  6. ‘|  DI 463 ’. Fermentation of Organic Materials. 2  6. http:  www.vdi.eu guidelines vdi_463 -
vergaerung_organischer_stoffe_substratcharakterisierung_probenahme_stoffdatenerhebung_gaerver
suche/. 

 ijay,  irendra. 2   . ‘Biogas Refining for Production of Bio-Methane and Its Bottling for Automotive 
Applications and  olistic Development’. In Proceedings of the International Symposium on EcoTopia 
Science 2007, ISETS07, 1–7. 

 ymazal, Jan. 2 13a. ‘The  se of  ybrid Constructed Wetlands for Wastewater Treatment with Special 
Attention to  itrogen Removal: A Review of a Recent Development’. Water Research 47 (14): 4795–
4811. https://doi.org/10.1016/j.watres.2013.05.029. 

Vymazal, Jan. 2 13b. ‘Emergent Plants  sed in Free Water Surface Constructed Wetlands: A Review’. Ecological 
Engineering, Plants in constructed, restored and created wetlands, 61, Part B (December): 582–92. 
https://doi.org/10.1016/j.ecoleng.2013.06.023. 

Werther, J., M. Saenger, E. - .  artge, T. Ogada, and  . Siagi. 2   . ‘Combustion of Agricultural Residues’. 
Progress in Energy and Combustion Science 26 (1): 1–27. https://doi.org/10.1016/S0360-
1285(99)00005-2. 

W O. 2  3. ‘The Right to Water’. http:  www2.ohchr.org/english/issues/water/docs/Right_to_Water.pdf. 
W O. 2 16. ‘Burning Opportunity: Clean  ousehold Energy for  ealth, Sustainable Development, and 

Wellbeing of Women and Children’. World  ealth Organization. 
Wichmann, Sabine. 2 16. ‘Commercial  iability of Paludiculture: A Comparison of Harvesting Reeds for Biogas 

Production, Direct Combustion, and Thatching’. Ecological Engineering. 
https://doi.org/10.1016/j.ecoleng.2016.03.018. 

Wöhler-Geske, Angelika, Christian R. Moschner, Antje Gellerich, Holger Militz, Jörg-Michael Greef, and 
Eberhard  artung. 2 16. ‘Yield, Fermentation Kinetics and the Role of Quality Properties of Thatching 
Reed (Phragmites Australis) during Discontinuous Anaerobic Fermentation’. Industrial Crops and 
Products 83 (May): 701–9. https://doi.org/10.1016/j.indcrop.2015.12.041. 

Yang, Liangcheng, and Yebo Li. 2 14. ‘Anaerobic Digestion of Giant Reed for Methane Production’. Bioresource 
Technology 171 (November): 233–39. https://doi.org/10.1016/j.biortech.2014.08.051. 

Yang, Wu, Jie Chang, and Bin Xu. 2   . ‘Ecosystem Service  alue Assessment for Constructed Wetlands: A Case 
Study in  angzhou, China’. Ecological Economics 68 (1–2): 116–25. 
https://doi.org/10.1016/j.ecolecon.2008.02.008. 



3.2 Constructed Wetlands for Resource Recovery in Developing Countries 
  pg.3 

 

 
 

Zema, Demetrio Antonio, Giuseppe Bombino, Serafina Andiloro, and Santo Marcello Zimbone. 2 12. ‘Irrigation 
of Energy Crops with  rban Wastewater: Effects on Biomass Yields, Soils and  eating  alues’. 
Agricultural Water Management 115 (December): 55–65. 
https://doi.org/10.1016/j.agwat.2012.08.009. 

Zhang, Dong Qing, K. B. S. N. Jinadasa, Richard M. Gersberg, Yu Liu, Wun Jern Ng, and Soon Keat Tan. 2014. 
‘Application of Constructed Wetlands for Wastewater Treatment in Developing Countries – A Review 
of Recent Developments (2000–2 13)’. Journal of Environmental Management 141 (August): 116–31. 
https://doi.org/10.1016/j.jenvman.2014.03.015. 

 heng, Xinye, Chu Wei, Ping Qin, Jin Guo, Yihua Yu, Feng Song, and  hanming Chen. 2 14. ‘Characteristics of 
Residential Energy Consumption in China: Findings from a  ousehold Survey’. Energy Policy 75 
(December): 126–35. https://doi.org/10.1016/j.enpol.2014.07.016. 

 



 

 
 

 
 
 
 
 

Chapter 4 
 

ASSESSING SUSTAINABILITY  

 

  



  pg.119 

 
 

4 Assessing sustainability of wastewater systems 
The previous examples showed technical approaches to increase resource use efficiency as a means 

of hopefully achieving higher rates of sustainability. However, one of the major challenges in proving 

this, consists in the lack of a methodology of assessing sustainability for treatment systems. 

In general, sustainability assessments intend to guide decision-making towards sustainable solution 

options by applying evaluation techniques (J. Pope et al. 2017; Jenny Pope, Annandale, and 

Morrison-Saunders 2004; Hacking and Guthrie 2008). Sustainability assessments appear under 

various names such as: Sustainability Appraisal, Integrated Assessment, Integrated Sustainability 

Assessment, Sustainability Impact Assessment, Triple Bottom-Line Assessment, 3-E Integrated 

Assessment and Extended Integrated Assessment, etc.. Evaluation methods also differ widely and 

can include multicriteria approaches, life cycle analysis, economic analysis (cost-benefit analysis, life-

cycle costing, etc.), weighting methods (exergy analysis, entropic weighing method), distance-to-

target approaches, and others (Balkema et al. 2002; Bertanza, Baroni, and Canato 2016). Hacking 

and Guthrie (2008) define sustainability assessments in a broad manner as “means of directing 

planning and decision-making towards sustainable development”. Decision-making in turn can be 

described as a 3-step process “that lead[s] to a final decision or choice (output): (i) identification of 

the interest, goal, or aim; (ii) framing and decomposing, and (iii) an evaluation” (Müller, Avellán, and 

Schanze 2020).  

 

Our research results are ground-breaking. Benavides et al. (2019) and Ferrans et al. (2020) both 

showed the lack of methods and research towards methods of assessing the sustainability of 

wastewater treatment systems in general and use of sewage sludge in particular in data scarce 

contexts. As a result, they both set up and tested sustainability assessments that help determine the 

degree of sustainability of the respective systems taking all three dimensions (environmental, 

economic and social) into account through a ‘distance-to-target’ approach. The result is not only a 

methodology but a catalogue of over 500 potential data items (or parameters) that could be used to 

conduct a sustainability assessment for wastewater treatment plants. This catalogue specifically 

includes indicators that measure increased circularity such as irrigation with wastewater or gaining 

energy from process by-products. 
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Abstract: Wastewater management in Latin America faces great challenges to reach a sustainable 

state. Although enough infrastructure has been built to treat around 40% of wastewater, only 

between 15-20% is effectively treated, and abandoned or defective infrastructure is a common sight. 

Data about current conditions at specific sites is quite fragmented, when existing. This leads to 

challenges in management, decision making and planning for sustainable options. We argue that a 

main obstacle is the lack of a regionally relevant sustainability assessment framework that allows for 

a holistic understanding of wastewater management as a nexus problem. We therefore developed a 

comprehensive framework to 1) understand current conditions 2) involve stakeholders and 3) point 

to pathways to improve wastewater management in the Americas. Building on literature review and 

stakeholder involvement, we constructed a multi-scalar extended dataset framework that is 

adaptable to different study sites using specific criteria. Sustainability was assessed through a 

“distance-to-target” approach. Social and economic variables were the lowest ranking in both cases, 

with technical variables generally performing better. Although some dimensions of sustainability are 

performing acceptably, others, such as social and economic, are generally low to very low 

performing. This means, when looked at in an integrated manner, neither of the wastewater 

management systems analysed can be considered sustainable. Here we present the approach itself, 

the results of its application in two pilot sites in Latin America, and our recommendation to shift 

wastewater management into sustainability. 

Keywords: Assessment framework, sustainability assessment, baseline assessment, co-design, 

stakeholder involvement, wastewater management  

https://doi.org/10.3390/w11020249


  pg.123 

 
 

4.1.1 Introduction 

Wastewater and its management in Latin America  

Wastewater management systems (WWMS) serve multiple functions within their cities. They 

channel and treat the wastewater produced by their customers, reduce the pollution load to the 

environment and the catchment they are embedded in and thus safeguard it and its inhabitants 

from detrimental health effects. Usually citizens only notice them when they do not provide those 

services. Wastewater treatment systems can, in addition, provide resources, such as bioenergy from 

biogas produced during the decomposition of organic matter, irrigation water or stabilized sludge to 

be used as fertilizer. Understanding the risks and benefits that a wastewater treatment system can 

offer to its community is not limited to the technical understanding of its components. It demands 

understanding the multiple dimensions of sustainability, understood as ‘the maintenance of 

economic well-being, protection of the environment and prudent use of natural resources, and 

equitable social progress which recognizes the just needs of all individuals, communities, and the 

environment’ (Muga and Mihelcic 2008). 

In Latin America, 80% of the population lives in urban areas, with small cities (up to half a million 

inhabitants) growing the most rapidly (UN HABITAT 2010). Exact data on sanitation and treatment 

coverage are not readily available (UN HABITAT 2012), but it is known that wastewater treatment is 

in general poor, with infrastructure to treat around 40% of municipal wastewater having been built, 

but less than 20% of that wastewater effectively being treated (Ballestero, Arroyo, and Mejía 2015; 

FAO 2017). A commonly built solution have been centralised wastewater treatment plants (WWTP), 

which may satisfy the demand of highly populated areas, but do not necessarily comply with the 

new expectations about water recycling and reuse, and of nutrient recovery (Libralato, Volpi 

Ghirardini, and Avezzù 2012), as requested by SDG 6.3 or the New Urban Agenda adopted at the 

latest Habitat III Conference (UN General Assembly 2016).  

Tackling the deficit of safely treated wastewater is an urgent matter: Clean water and access to safe 

sanitation for all is one of the targets decided by the global community within the Sustainable 

Development Goals (SDG 6.2)(UN 2015). In Latin America large cities concentrate the largest shares 

of population, but when it comes to issues in the water management services, rural areas and small- 

and medium-sized cities are the most affected zones, especially regarding sanitation and wastewater 

treatment (Ballestero, Arroyo, and Mejía 2015). Small- and medium-sized cities are defined 

according to population, varying in proportion to each country’s size, with a maximum of 1 million 

inhabitants for Latin American cities (UN HABITAT 2012). These types of cities show high 

urbanization rates, being the fastest growing urban areas (UN-Habitat 2016). This means that the 

established urban management systems have to consider the growth projections and adapt to keep 

up with the growing water demand and wastewater generation. Thus, urgently needed are 

sustainable options for wastewater management for small- to medium-sized cities. 

The SludgeTec project, a multinational partnership1, aimed for international experts and local 

stakeholders to co-design a sustainable wastewater treatment and management options for two 

pilot areas in the Americas: Los Cebollales WWTP in Panajachel, Lake Atitlan, Guatemala and 

Tlaxinacalapan WWTP in Tepeji, State of Hidalgo, Mexico. Research was carried out between 

November 2017 and February 2019 by a multi-disciplinary and international team of researchers and 

practitioners.  

 
1 Between the United Nations University’s Institute for Integrated Management of Material Fluxes and of Resources (UNU-
FLORES), the Universidad de San Carlos de Guatemala (USAC), the Mexican Trust Fideicomiso de Infraestructura Ambiental 
de los Valles de Hidalgo (FIAVHI) in Tepeji, Mexico, and the Technische Universität Dresden (TUD) 

https://flores.unu.edu/en/research/projects/resource-recovery-from-wastewater-in-the-americas-assessing-the-water-soil-waste-nexus-sludgetec.html#outline
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To achieve the project’s objective (co-designing sustainable options), it was first necessary to 

accurately assess current sustainability, that is, to describe baseline conditions. Establishing 

baselines is crucial for scientifically sound sustainability interventions (Millenium Ecosystem 

Assessment and World Resources Institute 2003), and is a key practice in many environmental fields, 

as it allows to evaluate the change in time of given parameters and therefore to track project 

success, for example. Without a baseline, it is impossible to carry out “before and after” 

comparisons (Ghodeif 2013). Furthermore, a baseline assessment can be very useful in informing 

and engaging stakeholders (United Nations 2015), and a powerful way to gather and centralize 

otherwise dispersed data, assess data availability for a given topic, and eventually, socialize 

knowledge. This is particularly relevant in a region where data scarcity is known to be an issue.  

The importance of baseline setting being clear, we were confronted with the non-existence of a 

comprehensive guideline to describe baseline and assess the sustainability of WWMS. Guidelines 

exist on the broad and very general steps to be followed in establishing a baseline (Seecon 2017), 

and on the data items to be considered in the assessment of specific components of a WWMS, such 

as finance, technical issues, etc. (Deutsche Gesellschaft für Technische Zusammenarbeit (GTZ) and 

Ministry of Construction -Hanoi 2009; GIZ and IWA 2017). There has also been some research to 

systematise the indicators and data items needed for technology options evaluation (Balkema et al. 

2002; Quadros et al. 2010; Lundin et al. 2004). However, the guidelines analysed during our 

literature review focus mostly on single dimensions of sustainability (environmental, technical, 

social), and do not take into consideration broader scales of analysis beyond the WWTP itself (to 

include for example the impacts of the WWTP’s function on the watershed or the subcatchment). 

We posit that a sustainability assessment must be multi-scalar (considering several territorial scales 

or spatial boundaries in one same study) and multi-dimensional (considering the different 

dimensions of sustainability).   

We therefore developed a method to describe baseline conditions of WWMS and determine the 

degree of sustainability by (1) constructing a comprehensive and adaptable dataset framework and 

(2) applying a “distance-to-target” approach (further described in the methods section). 

The method is underpinned by an emphasis on participation and transdisciplinarity. Scientists in the 

field of Integrated Water Resources Management highlight that participation can have positive 

effects on finding integrated solutions, e.g. by gathering and exchanging knowledge between vital 

stakeholders (Özerol and Newig 2008; Mostert 2003). In terms of specific WASH-related problems, 

participation can help identify acceptable solutions on the ground. Based on this knowledge, 

practitioners and especially international donor organisations, apply participatory approaches in 

various contexts (Millington 2006; Agarwal 2000). 

A research approach in which scientific and non-scientific actors collaborate in a participatory 

manner with the aim of creating scientific knowledge meant to address practical problems is here 

understood as transdisciplinary research (e.g.(Lang et al. 2012)). ‘Transdisciplinary’ generally refers 

to an intensive inclusion of practitioners in the research process. To conceptualize transdisciplinary 

research, research provides a set of design criteria that are likely to have an impact on addressing 

complex problems in practice. These design criteria refer to i) the type of actors involved, ii) the 

stage of the research process where these stakeholders are involved, iii) the degree of their 

involvement, and iv) the respective methodology (Reed et al. 2009a). Hence, various actors have 

been involved at different stages of the research process, from the design of research projects, via 

the implementation of the research projects, up to the evaluation of research results. In doing so, 

research questions, methods, and results are possibly better adapted to local needs, accepted, and 

thus also implemented (Lang et al. 2012; Zscheischler and Rogga 2015). Transferred to the field of 



  pg.125 

 
 

wastewater management, the involvement of different scientific disciplines and practitioners from 

different realms may enable an ecologically, economically, environmentally and socially, sustainable 

treatment of wastewater.  

Participation is however no panacea for successful solutions. To achieve the potential benefits of 

participation, the thoughtful design of participatory processes is essential, including the right mix of 

actors (e.g. households, farmers, public authorities), degrees of participation (e.g. information 

sharing or co-decision-making), at the right scale (e.g. local or basin scale) (Von Korff et al. 2010; 

Reed et al. 2009b)..  

In brief, in order to codesign sustainable options for the WWMS at the pilot sites, we built a method 

to first assess baseline sustainability, considering different territorial scales and the environmental, 

technical, economic and social dimensions. To broaden the possibility of accurate understanding of 

the issue and successful outcomes of the project, we worked in a transdisciplinary manner, i.e. in a 

diverse scientific team which closely worked with stakeholders and local partners, in every stage of 

research. 

4.1.2 Materials and Methods  

The method consists of four ‘building blocks’: (1) A thorough understanding of baseline conditions, 

which are then assessed under three different but converging perspectives: (2) Sustainability 

Assessment (SA), (3) Stakeholder Analysis and (4) Wickedness Analysis (WA). Blocks 1 and 2 are 

consecutive, i.e. number one is needed to perform number two. Blocks 3 and 4 are carried out 

separately. The assessment is made more thorough and comprehensive by bringing in the specific 

knowledge of each building block. This facilitates the understanding of bottlenecks and pathways 

towards sustainability, and as a final outcome, makes it possible to envision and evaluate solution 

options (Figure 4.1.).   
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Figure 4.1.1: The general method used in this research project. Highlighted blocks are the four building blocks in 
our method. This paper deals in detail with two blocks: Baseline Description and Sustainability Assessment. 

This paper describes the first two building blocks in detail, while the remaining two are the object of 

future publications.  

4.1.2.1 Pilot sites  

Pilot sites (Figure 4.1.2) were chosen by local project partners based on their knowledge of the 

reality on the ground.  

 

Figure 4.1.2: Location of pilot sites. 

 

Panajachel site description 
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At Panajachel, Guatemala, the pilot site is the Cebollales WWTP, an extended aeration, activated 

sludge plant built in 2013. The plant is operated by the municipality, with its financing sources being 

100% public. The design flow is 37 lps, and the current average flow is ~25 lps. It discharges into the 

San Francisco River, which, 2   meters further downstream, feeds the Atitlan Lake. In the lake’s 

endorheic basin, 55% of households are connected to a sewage system, while the remaining 45% 

use latrines, septic tanks, or soak latrines. 45,500 m3 of wastewater is generated every day in the 

basin, and only approximately 20% receives treatment. Moreover, in the existing WWTPs, poor 

removal of pathogens and nutrients is a crucial challenge. These WWTPs face, among others, 

operation and maintenance problems.  

Tepeji site description 

At Tepeji, Mexico, the pilot site is the Tlaxinacalapan WWTP, a plant built in 2017 that started 

operations in January 2018. The WWTP has two treatment steps: a train of plastic anaerobic 

digestors built on site, followed by constructed wetlands. The design flow is 1.5 lps, and the current 

average flow is ~0.4 lps. It discharges into a tank from where water is taken to irrigate a football field 

and agricultural plots. 

4.1.2.2 Dataset framework 

Preliminary step. System Model: boundaries and scales of analysis  

Wastewater management is a wicked problem: a complex network of components, often interlinked 

in non-linear relationship and expanding across different territories. In addressing sustainability 

problems, systems approaches have been widely recognized to enable researchers to describe and 

understand reality more accurately, shedding light on a phenomenon’s structure and function 

(William E. Grant et al. 1997; W. E. Grant 1998; Odum 1980), helping reveal otherwise “hidden” 

flows (Schmidt-Bleek 1999) and promoting the integrative thinking and interdisciplinary knowledge 

synthesis needed for sustainability (W. E. Grant 1998; Ehrenfeld 2005) . System models are a key tool 

of systems approaches (W. E. Grant 1998) and are widely used in cybernetics, physics, ecology and 

other fields where it is necessary to visually represent the complexity of real life networks and 

processes, in order to grasp the performance and behaviour patterns of systems. Our approach 

builds on systems thinking by using a system model as a fundamental research tool. 

In building a system model, it is important to remember that, although WWMS are bound to human 

settlements, the sourcing of their inputs and the effluent and other outputs may have consequences 

well beyond their immediate geographical setting. Thus, defining relevant scales of analysis and 

tracing analytical boundaries of the system is crucial. The choice of scales can determine the 

accuracy of diagnosis, and the effectiveness of projects (Alcamo and World Resources Institute 2003; 

Kissinger and Rees 2010). Spatial resolution determines the visibility of objects and relations. If a 

model’s boundaries are too small, important factors influencing the model may be missed, whereas 

if they are too large, detail on specific processes may be lost. Avellán et al. (2017) postulate that ‘the 

boundaries of the [Water-Soil-Waste Nexus] systems need to be (a) wide enough (to avoid 

microanalyses of plot levels as in some cases of INRM [Integrated Natural Resource Management]), 

(b) clear (to avoid confusion as in the WEF [Water-Energy-Food] Nexus), and (c) flexible enough to 

accommodate varying needs (to avoid geographic constrictions as is the case of the basin discussions 

in IWRM [Integrated Water Resources Management])’. By mixing in and contrasting different 

perspectives, a multi-scalar approach provides for more comprehensive analyses, which can lead to 

reduce biases caused by the use of a single “viewing-point” (Alcamo and World Resources Institute 

2003; Loiseau et al. 2012).  
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Different types of boundaries were identified: administrative (municipality, department, state, etc.), 

biophysical (catchments, geological, soil, etc.), and technical (treatment system, canal network, etc.). 

The relevance of each of these different spatial definitions was evaluated (Figure 4.1.3a), and four 

working scales were decided upon: 01 WWTP, 02 Municipality, 03 Subcatchment, 04 Watershed 

(Figure 4.1.3b). We argue that these scales together exhibit the needed specificity of the actual 

problem of wastewater treatment on the one hand but also enough scope to determine the impact 

that the system has on its surroundings. 

A system model for the WWMS was drafted for each study site, using these chosen boundaries. 

System components (stocks) are represented in boxes and relations between them (flows) with lines 

(Figure 4.1.3c). The first versions of the system model were refined with participation from 

stakeholders during an assessment workshop held in Panajachel, Guatemala, in March 2018 (UNU-

FLORES 2018). Figure 4.1.3c shows the final version of the system model for the Panajachel site, 

resulting from the participative work at the workshop. 

 

 
Figure 4.1.3: a) A first boundary explorations map for the Panajachel case, showing different scales of analysis 
that were initially found to be of interest: the plant scale (red dot), the subcatchment (light green), the 
municipality (yellow), the watershed (blue) and the province (orange). The large water body in the center is the 
Atitlan Lake. (b) The abstraction of “real-world” boundaries into boundaries for the modeling process. (c) The 
system model for the Panajchel case, showing the systems components in the scale they (mostly) operate in. 
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4.1.2.3 Constructing the dataset framework  

Extended dataset framework 

We created the framework for a dataset that allows for a deep and holistic understanding of 

baseline conditions and sustainability performance, across scales and across the dimensions –

environmental, and social, technical, economic - of the nexus problem of wastewater management, 

specifically in Latin America. To do so, we iterated between a top-down method (literature reviews) 

and a bottom-up method (working directly on the pilot sites, e.g. analysing the system model, asking 

stakeholders what sort of data is relevant to them) (Table 4.1.1). The result is an extended dataset 

framework (EF), which is described in more detail in the results section.  

Table 4.1.1: Steps followed in the construction of the extended dataset framework 

 Bottom up Top down  

1 System model analysis Research literature review 

2 

Stakeholder input (assessment 

workshop) on locally relevant data 

items and indicators 

 

Policies and regulations review 

3 - 
Technical guidelines review 

 

 

Site-specific dataset framework 

The EF was edited into a smaller, site-specific dataset framework for each site. This was necessary in 

order to respond to local data needs as expressed by stakeholders, as not all data items on the set 

were relevant for the specific sites. Also, to respond to the research priorities as established by the 

research team after assessing data availability and incorporating stakeholder input.  

To edit the EF (with 492 variables) into the site-specific dataset frameworks (with 195 and 218 
variables, see Table 4.1.4 and Table 4.1.5) we classified and prioritised each item on the EF according 
to the criteria in  

Table 4.1.2. Note that these criteria were chosen for these two project-specific pilot sites, but they 

could easily be applicable generically for other WWMS. 

Table 4.1.2: Criteria used to prioritize the data items in the extended dataset framework and to create a site-
specific dataset framework. 

 Criteria Priority 

1a Stakeholders chose the item during Assessment Workshop 

P1 
 PLUS 

1b Literature on wastewater management mentions it 

2 Locally applicable regulation calls for the parameter P2 

3 Thresholds to compare current value against are available P3 
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Priority 1 (P1) was given to an item if two conditions are met: (a) that stakeholders had chosen it 

during the Assessment Workshop held in March 2018 in Panajachel, and (b) that the item had been 

found in wastewater management guidelines or other relevant literature during our literature 

review. Priority 2 (P2) was given when the data item is included in relevant local regulation, e.g. 

monitoring standards. Priority 3 (P3) was given when a threshold to compare current values could be 

identified. Thresholds were found looking in: 

a) Local legislation (region, state, basin) 

b) National legislation 

c) Legislation valid for the other case study of this project (in this case Mexico or Guatemala) 

d) International organisations (not legally binding but accepted as guidelines or 

recommendations).  

In some cases, a data item is a “yes or no” question, and a threshold can be established with relative 

ease; for example, the existence of an operation manual for the plant, for which the threshold is 

“yes”, since that would be the desirable situation.  

After the data gathering phase, these dataset frameworks were “filled in” with data, allowing to 

understand baseline conditions and perform a sustainability assessment.  

4.1.2.4 Data gathering 

Identifying data holders  

Possible data sources were identified through (1) an Assessment Workshop and (2) deskwork. The 

Assessment Workshop took place in March 2018 in Panajachel, Guatemala. Stakeholders from the 

Mexican cases were also present. More than 80 local stakeholders were invited, of which a total of 

39 participated. The represented stakeholder groups were coming from Academia (43%), Federal 

officials (21%), NGOs (20 %), Municipal officials (8%), and Private enterprise (8%). Through the 

participatory activities crucial input needed to refine both the technical and the social assessment 

components of the project framework was obtained. A thorough comprehension of the current 

problem structure, was made possible by including the views of key stakeholders in a very 

interactive and participatory manner (UNU-FLORES 2018). Participants drafted lists with institutions 

and experts who they thought could have the information needed (or access to it) for each data 

item. The data holder lists made by the participants were screened, refined and complemented 

through desk work. The final list of data holders consulted or interviewed can be seen in Appendix C.  

Data collection  

Part of the data needed was collected on the field. Fieldwork was carried out for two weeks at each 

site in August 2018, and included meetings with experts, practitioners and local authorities identified 

as data holders, as well as sampling and laboratory analysis. During the meetings, the interviewer (L. 

Benavides) went through the dataset with the stakeholder, who provided the answers he or she had 

available. Data holders were always asked to provide supporting documentation, but this was rarely 

available. In some cases, stakeholders did not have information at hand, but committed to sending it 

via email after the meeting.  

For water quality parameters, sampling and laboratory analysis were carried out (  
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Appendix D). Sampling and analysis were done in accordance to the norms in each country, in 
collaboration with certified local laboratories. In both cases, a composite sample of both the plant’s 
inflow and outflow was taken during a 24-hour period. At the Panajachel site, sludge was also 
sampled. The sludge available had been stabilized on a covered drying yard for 28 days and was then 
piled up outdoors (i.e. under sun and rain) for at least two months prior to our visit. In Tepeji it was 
not possible to sample sludge, as according to the managers, the plant had not produced any in the 
8 months of operation.  

Further data was obtained from the revision of literature and documents produced by local and 

national authorities, which were made available to the research team during field work. 

4.1.2.5 Sustainability Assessment  

Sustainability Assessment (SA) processes aim at guiding decision-making towards sustainability 

(Hacking and Guthrie 2008) using different evaluative techniques (Pope et al. 2017) and definitions. 

‘Sustainability Assessment’ can be considered a broad name tag for a series of methods and 

approaches: e.g. Sustainability Appraisal, Integrated Assessment, Integrated Sustainability 

Assessment, Sustainability Impact Assessment, Triple Bottom-Line Assessment, 3-E Integrated 

Assessment and Extended Integrated Assessment (Hacking and Guthrie 2008; Pope et al. 2017; 

Pope, Annandale, and Morrison-Saunders 2004). Methodologies found for SA include multicriteria 

approaches, systems analysis, life cycle analysis, economic analysis (cost-benefit analysis, life-cycle 

costing, etc.), weighting methods (exergy analysis, entropic weighing method), distance-to-target 

approaches, among others (Balkema et al. 2002; Toumi, Le Gallo, and Ben Rejeb 2017).  

To determine the level of sustainability, we used a “distance-to-target” approach, comparing the 

current value of a variable with the threshold previously identified. The availability of a threshold 

finally defines whether a data item could be used in the sustainability assessment or not. Even 

though data for an item is available, if there is no appropriate threshold to compare it with, it is 

impossible to profit from this already existing data. Appendix E lists the variables for which 

thresholds could be identified and the thresholds values used to evaluate each variable of the site-

specific dataset framework. 

The “distance-to-target” was evaluated by adopting the “traffic light” method (Bertanza, Baroni, and 

Canato 2016), where a variable is coded with green if it meets the threshold (good performance), 

with yellow when its performance does not meet ideal standards but is not far away from doing so, 

and red when it is performing sub-optimally. Table 4.1.3 discloses the quantitative criteria for each 

colour. Each variable was evaluated following these criteria. The result is a colour-coding of the data 

set (Appendix F).  

Table 4.1.3: Colour ranking in Sustainability Assessment 

Data type Criteria Ranking 

  Red Yellow Green 

Real number 10% tolerance MV > TH x 1.1 T  < M  ≤ T  x 1.1 M  ≤ T  

Percentage 

Range divided 

into 3 equal parts 

(33% each) 

MV < 33% or 

6 % ≤ M  
33% ≤ M  < 6 % 

6 % ≤ M  or 

MV < 33% 

Absolute 

values (e.g. 

yes/no 

questions) 

No yellow range, 

unless mentioned 

otherwise 

YES/NO 

Present/Absent 

Outside pH range 

-----  

YES/NO 

Present/Absent 

Within pH range 

Social 

variables 
Scale 1 to 4 1 ≤ M  < 2 2 ≤ M  < 3 3 ≤ M  ≤ 4 
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Data type Criteria Ranking 

  Red Yellow Green 

(dataset IIb) 

MV: measured value; TH: threshold (numeric thresholds where normally defining a maximum, not a minimum) 

 

Once the colour ranking was calculated for each variable, a colour ranking was also calculated for 

each of the three dimensions into which the variables are grouped in the sets: technical-

environmental, economic, and social. To do this, we also followed the method described in Bertanza 

et. al (2016), where a numeric value is assigned to each colour: 

1. Green = 1 

2. Yellow = 0  

3. Red = -1  

4. The colour-values are added, and a simple average in each category is calculated.  

5. The results are later presented again using the “traffic light” colour-coding for the 

performance of each dimension of sustainability, as follows: (see results section) 

a. Green: >0,33  

b. Yellow: between -0,33 and 0,33 

c. Red: ≤-0,33. 

Although as stated in the introduction we believe a multi-scalar approach is necessary for a wide-

enough perspective and an accurate understanding of a WWMS, due to the limited time scope of 

the SludgeTec project and the prolonged waiting periods to obtain data from data holders, it was 

only possible to perform a sustainability assessment on the first scale (WWTP, grey shaded areas on 

Table 4.1.5), and to include a multi-scalar social assessment of participation and social acceptance in 

the region where the WWTP operates (dataset IIb on Table 4.1.4 and Table 4.1.5). 
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4.1.3 Results 

4.1.3.1 Dataset framework 

Extended dataset framework 

The iterative collection process of data items to describe the multi-scalar WWMS resulted in a large 

dataset framework with 492 data items (for an overview see Table 4.1.4). This comprehensive or 

“extended” dataset framework contains data items useful for the transdisciplinary study of WWMS 

(environmental & technical, economic, and social factors). It is organised into three datasets, 

namely: Dataset 0 that describes generic context data, Dataset I containing technical and 

environmental data, and dataset II, containing socio-economic data. All datasets contain information 

across the four different spatial scales identified above (WWTP, municipality, subcatchment, 

watershed) (see Table 4.1.4).  

Table 4.1.4: Extended dataset framework, overview of subsets and number of data items in each 

Subset Description  Scales 
Number of 

data items 

Dataset 0 

Context indicators 

Understanding of context: 

geographical location and 

characteristics, poverty and 

employment indicators, etc. 

50 data 

items for 4 

scales 

01 WWTP 
 

7 

02 Municipal  18 

03 Subcatchment 13 

04 Watershed 12 

      

 

Data set I 

Technical - 

Environmental. 

Technical and environmental 

variables (e.g. population 

served, chemical parameters 

of water bodies and of 

effluents, WWTP 

management) 

380 data 

items 

across 4 

scales. 

01 WWTP 211 

02 Municipal  31 

03 Subcatchment 70 

04 Watershed 
68 

      

 

Dataset II 

Socio -Economical 
Economic, financial, budget 

variables. Dataset IIb useful to 

understand the social 

acceptance of the system 

IIa. 

52 data 

items for 4 

scales 

01 WWTP 16 

02 Municipal  17 

03 Subcatchment 7 

04 Watershed 12 

IIb.  

10 data 

items, 

across 

scales 

 

Social space  

(cross-scale) 
10 

   Total data items 492 

Site-specific dataset framework 

The EF proved too extensive to be used for the assessment of the sites, as time was a limiting factor, 

and also because not all variables on the set were necessarily prioritary or the data was not available 

at the different sites. Therefore, from the 492 data items in the EF, a site-specific dataset framework 

was created for the Panajachel pilot site with 218 data items, and for the Tepeji pilot site with 195 

data items (Table 4.1.5). The full site-specific dataset frameworks can be found in Appendix A for 

Panajachel and in Appendix B for Tepeji. 
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Table 4.1.5: Site-specific dataset frameworks for both pilot sites, after prioritizing the EF. 

Tepeji dataset framework Panajachel dataset framework 

                  Scale 
Number 

of items 
                    Scale 

Number 

of items 

Dataset 0 

Context 

01 3 

Dataset 0 

Context 

01 1 

02 3 02 0 

03 4 03 0 

04 5 04 0 

Total 15 Total 1 

Dataset I  

Technical 

Environmental  

01 107 

Dataset I  

Technical 

Environmental  

01 98 

02 15 02 15 

03 15 03 55 

04 18 04 18 

Total 155 Total 186 

Dataset IIa 

Social-Economic  

01 7 

Dataset IIa 

Social-Economic  

01 8 

02 5 02 8 

03 0 03 0 

04 3 04 5 

Total 15 Total 20 

Data IIb 

Multi-scalar 

Social  

Total  10 
Data IIb 

Multi-scalar Social  
Total  10 

Total items in framework 195 Total items in framework 218 

Grey shaded areas indicate the data that used in sustainability assessment 

 

4.1.3.2 Data gathering  

 Figure 4.1.4 shows the distribution of sources from which the data came from. 

 

Figure 4.1.4: Data source per type. 

About 77% of all data items in scale 01 could be gathered for the Panajachel site, and ~ 76% for 
Tepeji (Table 4.1.6 and Table 4.1.7). However, out of the data that was gathered, only a fraction was 
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of use, as can be seen in the last column ofTable 4.1.6 and Table 4.1.7. The reasons why some of the 
data had to be discarded were:  

1. Data quality. Stakeholders sometimes provided no supporting facts or documentation for 

the data they provided, or there was a considerable difference between data found for the 

same item from various sources, with no straight-forward way to choose amongst them.    

2. No existing threshold. The data could be obtained but no threshold was found, and 

therefore the data was not used further.  

 

Table 4.1.6: Data gathered for all scales, data gathered specifically for scale 01 and data finally computed into 
the sustainability assessment: Panajachel pilot site. 

All scales: data found Scale 01: data found  
Scale 01: data found and 

useful 

  
total 

items 

items 

found 
% found 

total 

items 

items 

found 
%  

Number of 

items 

found and 

useful 

%  

Dataset 0 1 1 100.00 1 1 100 -* -* 

Dataset I  186 88 47.31 98 73 74.49 52 71.23 

Dataset II 31 23 74.19 18 16 88.89 10 62.50 

TOTAL 218 112 51.38 117 90 76.92 62 68.89 

* NOTE: Dataset 0 contains context data and was not used directly in the sustainability assessment 

Table 4.1.7: Data gathered for all scales, data gathered specifically for scale 01 and data finally computed into 
the sustainability assessment: Tepeji pilot site. 

All scales: data found Scale 01: data found  
Scale 01: data found and 

useful 

  
total 

items 

items 

found 
% found 

total 

items 

items 

found 
%  

Number of 

items found and 

useful 

%  

Dataset 0 15 10 66.67 3 3 100.00 -* -* 

Dataset I  155 93 60.00 107 81 75.70 48 59.26 

Dataset II 25 18 72.00 17 12 70.59 7 58.33 

TOTAL 195 121 62.05 127 96 75.59 55 57.29 

* NOTE: Dataset 0 contains context data and was not used directly in the sustainability assessment 

This filtering process removed ~32% of the data for Panajachel and ~43% of the data gathered for 

Tepeji. With the remaining variables (62 variables for Panajachel, 55 variables for Tepeji) the 

sustainability assessment was performed. 

4.1.3.3 Sustainability Assessment  

Panajachel 

Sustainability at the Cebollales WWTP in Panajachel was assessed with 62 variables: 52 in the 

technical-environmental dimension, 3 in the economic and 7 in the social. All dimensions show a 

medium performance (yellow) except for the economic dimension, where the assessment is ”poor” 

(coded with red). Just about half of the variables are performing relatively well (23 variables coded 

with green) and about half are coded in red (27), with two variables coded in yellow. Thus, overall 
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sustainability performance can be classified as medium to low (See Table 4.1.8. To see performance 

per variable, see Appendix F).  

Table 4.1.8: Sustainability performance per dimension: Panajachel site 

 Variables per category % variables per category Dimension Average 

Dimension R* Y G Total R Y G Total Value Colour 

Technical-

Environmental

(TE) 

27 2 23 52 52% 4% 44% 100% -0.08 Y 

Economic (Ec)  3 0 0 3 100% 0% 0% 100% -1.00 R 

Social (S) 2 1 4 7 29% 14% 57% 100% 0.29 Y 

Total or 

Average 
32 3 27 62 60% 6% 34% 100% -0.26 Y 

*R= Red. Y= Yellow. G= Green. ND= No Data 

In the technical environmental dimension variables that performed well included heavy metal 

concentrations in the plant’s water outflow and sludge which were all found to comply with norms 

at the moment of sampling (except for Arsenic in the sludge). Also, the sampling frequency is 

complied with. The plant is sampled with regularity. However, the results do not make it to on-the-

ground stakeholders (plant operator, for example).  

In contrast, variables performing sub-optimally include nutrients and organics: variables such as 

Total Nitrogen (TN), Total Phosphorus (TP), Biological Oxygen Demand (BOD), Chemical Oxygen 

Demand (COD), and Total Coliforms. The plant is not able to meet treated water outflow standards. 

This situation is likely partially driven by the fact that the inflow to the plant (municipal sewage) is 

already non-compliant as per regulations on discharges into the public sewage system. In addition, 

strong odours were detected while visiting and were also reported by local stakeholders. Lastly, 

maintenance is very irregular to non-existing; salaries are irregularly paid; no operation manual 

exists on site, the operators lack training and equipment. The risks that the WWTP and the treated 

water discharge into the nearby San Francisco river poses to health or to environment are unknown, 

as no risk assessment has been carried out, either for health or for ecosystems. 

In the economic dimension there is no compliance. For example, the per capita cost of treatment is 

higher than the WHO illustrative value for activated sludge plants (upper limit set by WHO is 8 USD 

per capita per year. Using data provided by the municipality, we calculated 9,7 USD). The budget 

deficit is constant, i.e. the operating entity practically never has access to enough resources to cover 

operating costs or deliver worker’s salaries on time. And there is no valorisation of by products 

(biogas, sludge), nor has a plan for this purpose been outlined by managers.  

In the social dimension stakeholders are generally aware and interested in wastewater-related 

issues and see opportunities for their suggestions to be heard. They however do no not perceive the 

solution(s) currently in place as acceptable, nor do they perceive that others accept them. 
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Tepeji  

Sustainability at the Tlaxinacalpan WWTP in Tepeji was assessed with 55 variables: 48 in the 
technical-environmental dimension and 7 in the social dimension. No economic data was available 
from the WWTP managers at the time of data gathering, and therefore this dimension could not be 
evaluated. In the two dimensions evaluated, it shows a moderate to good performance ( 

Table 4.1.9). 

The technical-environmental dimension performance’ falls just above the border between medium 

and good performance, with 33 out of 48 being coded with green. Variables that perform well 

include compliance with heavy metal concentrations in the outflow (as established in local 

regulations, i.e. NOM 001), except for Cadmium (0.02mg/l, which is double the allowed value). Also, 

all physical parameters are complied with (TSS, conductivity, colour, floating matter, grease and 

oils).  

Table 4.1.9: Sustainability performance per dimension: Tepeji site 

 Variables per category % variables per category 
Dimension 

Average 

Dimension R* Y G Total R Y G Total Value Colour 

Technical-

Environmental 

(TE) 

15 0 33 48 31% 0% 69% 100% 0.38 G 

Economic (Ec)  0 0 0 0 ND ND ND 0% ND ND 

Social (S) 2 2 3 7 29% 29% 43% 100% 0.14 Y 

Total or 

Average 
17 2 36 55 ND ND ND ND ND ND 

*R= Red. Y= Yellow. G= Green. ND= No Data 

Variables that perform sub-optimally include nutrients and organics: TN, Faecal coliforms, pH, are 

not performing satisfactorily, neither when compared with the local norm (NOM 001) or with WHO 

standards for the use of treated wastewater use in agriculture. Odours were detected while visiting 

and were also reported by local stakeholders. No operation manual is available to key stakeholders 

such as the operator himself.  o regular sampling seems to be occurring on the plant’s outflow, as 

although some interviewed stakeholders assured sampling has been done, no results were provided 

to us. Operators and managers lack adequate training on anaerobic plant operation. Standard design 

and operation practices are not being followed (such as an initial inoculation of the system with 

appropriate bacteria at the start of operations, assurance condition of air-tight conditions within 

anaerobic digestion tanks). Finally, the risks that the WWTP poses to health or to environment have 

not been studied, either prior to construction or once in operation, by any of the possibly interested 

parties.  
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In the social dimension stakeholders indicated that they are interested in and aware of wastewater 

related problems. They however do not feel that there is enough information available or 

opportunities to participate in decision making or to give recommendations to decision makers and 

managers. The current wastewater management system is generally not accepted or perceived as 

being accepted by interviewed stakeholders. 

 

4.1.4 Discussion 

4.1.4.1 Dataset framework for describing wastewater management systems 

We designed a transdisciplinary approach to assess baseline conditions and sustainability 

performance of wastewater management systems in Latin America, building on methods from both 

the social and the natural sciences (Figure 4.1.), and with a heavy emphasis on stakeholder 

involvement and the understanding of baseline conditions. The approach was designed along with 

the development of a research project, in an iterative process between academic knowledge and the 

real experiences of what was possible to achieve within the conditions on the field. 

We created an Extended dataset framework (EF), which we propose to be useful as a general 

guidance for data item selection for WWMS. It can be used as a sort of repertoire that can be 

“curated” or edited, choosing the items that are relevant to a specific site or research question, and 

thus creating a site-specific data framework. 

Methodological issues  

The approach calls for not only a transdisciplinary but also a multi-scalar assessment. We attempted 

to simultaneously look at local scales within technical and administrative boundaries (the WWTP and 

the municipality), and ecological scales within hydrological boundaries (sub catchment and 

watershed). However, gathering, evaluating and processing the data required for a multi-scalar 

assessment was impracticable within our time scope. We therefore implemented the approach only 

on the scale of the WWTP (scale 01) and were able to gather enough data to describe baseline 

conditions and to assess sustainability across all dimensions of sustainability in Panajachel and two 

out of three in Tepeji.  

The approach proved to be practicable at one scale, with the strength of being able to incorporate 

local needs and conditions through the site-specific editing of the extended dataset framework. The 

resulting datasets are useful as snapshots of the current status quo, and the data items can be used 

as a guideline for future data generation and periodical evaluation.  

Building on a systems perspective, this approach calls for the construction of a system model as a 

tool: to identify important data items or variables to be investigated, or to localise “invisible” parts 

of the system, such as stakeholders, boundaries or legal frameworks. The tool proved useful not only 

for our own research process, but was also helpful during stakeholder involvement activities, where 

it helped structure the discussion. One example is that when discussing key stakeholders and 

responsibilities (“who is involved and who is responsible for what?”), the system model clearly 

depicts that, because the WWTP’s outflow eventually reaches the lake at the bottom of the basin, 

basin authorities (federal), river authorities (provincial) and tourists visiting the lake are involved, 

albeit to different degrees, in the problem. In other words, by explicitly linking upstream sewage 

system users to downstream fishermen affected, for example, the visual representations appeal 

strongly to very different stakeholders sitting around a discussion table, promoting a holistic and 

inclusive understanding of issues.  
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The same can be said for the boundaries discussion, also guided by the system model. By clearly 

illustrating which components fall into which boundary (e.g. the whole of the WWTP falls within the 

municipal boundary, but its outflow, ten meters ahead, falls into the river and thus provincial 

jurisdiction, while some of its inputs, such as pump parts, come from a different continent) 

administrative responsibilities can be made clearer and better understood; conflicting interests or 

overlapping mandates are made visually explicit and can therefore be more easily comprehended, 

and complexity is more easily grasped. 

Finally, the combination of a technical-environmental assessment (dataset I) with an economic 

(dataset IIa) and a social (dataset IIb) assessment proved not only enriching but allowed for insight 

into the drivers of the technical and environmental results. The technical-environmental variables 

provide an answer to the question “How is the system behaving?” while the social and economic 

data provide perspective into “Why the system is behaving so?” making the method better poised to 

identify bottlenecks and point to solution pathways. We see a challenge but a promising opportunity 

to improve sustainability thought and its tools in a more thorough transdisciplinary integration in the 

future. Overall, the approach showed potential for investigating the sustainability of WWMS. We see 

areas of improvement in, for example, reducing data intensity, systematising thresholds, and 

operationalizing the multi-scalar approach. 

Data availability 

As shown in Table 4.1.6 and Table 4.1.7, roughly over 50% of the data we originally set out to gather 
for the multi-scalar site-specific dataset framework(s) was available with certain ease of access. 
Once we decided to focus on a single scale (WWTP), this proportion grew to ~75%, of which around 
a third had to be discarded due to quality issues.  

Basic information such as monthly or yearly budgets and expenditures records, technical drawings 

and plans of the WWTP were for example not available for the Mexican case. In the Guatemalan 

site, non-continuous time series for monthly expenditures, inflow and outflow measurements were 

finally obtained via email after a waiting period following a stakeholder interview. Although indeed 

useful, the time series were neither long, nor gap-free, and data was not easily made available. In 

general, we found that stakeholders who, in theory, should have information (operating facilities, 

government bodies, WWTP managers) may be able to provide verbal answers in an interview, 

because of their empirical knowledge but frequently cannot prove their statements due to the lack 

of supporting documentation, written records and systematic registries. In other cases, they lack the 

willingness or permission to share information. This is true mostly at the municipal and state levels, 

while federal agencies, particularly in the Mexican case, usually have well integrated and functional 

databases. The scale of federal-level data is, however, often not fine-grained or detailed enough to 

study a single treatment plant or even a municipal-level WWMS.  

It is clear that large efforts are needed in terms of data generation, systematisation, sharing, and 

transparency. Examples would be digitising written records, using same standards throughout the 

region, information sharing between institutions, researchers and stakeholders or placing 

documents and data on the internet. Good starting points already exist, such as the National System 

for Water Information, kept by the National Water Commission in Mexico2 (CONAGUA), where geo-

referenced information on water quality and quantity, irrigation, and watersheds is disclosed. We 

suggest that an immediate area of work should be furthering the capacity of key stakeholders, such 

as municipal and state or provincial governments to generate data, and the integration of all data 

generators into more detailed and/or numerous data bases, or conversely the creation of citizen-led 

 
2 Sistema Nacional de Información del Agua. http://sina.conagua.gob.mx/sina/tema.php?tema=calidadAgua 
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observatories that foster awareness raising and demand and contribute to regular environmental 

and economic monitoring. 

A significant issue to meaningfully assess sustainability stems from the still incipient integration of 

social indicators into sustainability. In the extended dataset framework 10 indicators (versus 380 for 

the environmental-technical dimension) across all scales could be identified from the literature or 

the stakeholder discussions. They are often linked to information that is not readily available but has 

to be generated via questionnaires and on-site interviews, coded analysis and other qualitative 

research methods. In order to strengthen future sustainability assessments of WWMS it is 

imperative to continue work on the integration of social indicators and methods to streamline the 

collection and analysis of these.  

4.1.4.2  Sustainability of the pilot wastewater management systems  

Our analyses show that the wastewater treatment systems currently in place in Panajachel, 

Guatemala, and Tepeji, Mexico, although performing well in various selected parameters, cannot be 

considered sustainable when looked at in a multidimensional manner, i.e. in terms of technical, 

environmental, economic, and social factors.  

Technical-environmental issues 

Both plants treat a municipal wastewater flow of domestic origin, with low to negligible heavy metal 

and metalloids content. In both cases, the quality of the inflowing wastewater is already below 

locally applicable standards for discharges into the public sewage network (Total Nitrogen and Total 

Coliforms in both cases, and Total Phosphorus, Biological Oxygen Demand, Chemical Oxygen 

Demand, and Total Suspended Solids -TSS- in Guatemala as well) meaning the plants are receiving a 

low-quality inflow from the start (see results per variable in Appendix F).  

Once within the WWTPs, processes show different efficiency levels. Omitting metals, in which both 

plants practically fully comply (arguably because of an original low-metal content), the WWTP in 

Panajachel does not comply with virtually any of the examined physical, chemical or biological 

parameters, while the Tepeji WWTP performs slightly better, complying with half of them. Both 

plants, however, are performing poorly in the treatment of faecal coliforms, a crucial variable in 

terms of human and ecosystem health. In the particular case of Tepeji, where the water is being 

used for irrigation and the de-centralised, small-scale technology is being introduced to the 

community, a low quality and potentially risky outflow is not only a health risk, but an important 

hinderance to the success of the de-centralised treatment project, which has the aim of fostering 

wastewater use for agricultural irrigation. Social acceptance is key to the success of such new 

technology, and thus trust among the community has to be gained by the promoting entities. 

Technical efficiency and environmental compliance are a major issue in both plants. Although visibly 

more critical in the Mexican case, lack of training of the operating and management personnel is a 

shared issue that is contributing to the situation. Systematic data generation and environmental 

monitoring, particularly in the Mexican case, are a challenge. Guatemalan managers were keeping a 

more detailed track of the WWTP performance. This may have to do with the fact that the WWTP in 

Guatemala has been in operation for a longer period (5 years versus 8 months), and also that it is 

operated by the municipality (vs. a Trust).  

Management issues   

In management-related issues both WWTPs perform the same, with only 2 out 7 management 

variables evaluated as positive, even though the systems operate at different scales (design flows of 

1.5 lps in Tepeji vs. 37 lps in Panajachel on average). Both plants lack operation manuals accessible 
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to the operator, personnel lack training and capacities and laboratory analyses are not accessible 

and hassle-free in any of the cases (although in Panajachel sampling is carried out with norm-

compliant frequency by a federal authority, key stakeholders -such as the plant’s operator- do not 

have access to the results and have therefore no feedback on their work).  

In terms of risk and safety, operators in both pilot sites lack appropriate working conditions, 

(clothing, equipment, adequate – hand-washing - facilities). In neither of the cases had the risks 

posed to the environment or surrounding populations by malfunctioning of the WWTP been studied. 

Panajachel stakeholders manifested that environmental risk assessment is relatively new in public 

administration, and that they hope it will be integrated along with, for example, EIA, soon.  

In Latin America in general, investments are often made to build an infrastructure project, but the 

funding for its long term operation and maintenance (including equipping operators, performing 

routine samplings, etc.) is not secured, and nor are income generating options (resource recovery, 

for instance) duly considered (Fay et al. 2017). Although this is a known issue, new infrastructure is 

being built as we write in Panajachel, while in Tepeji funds are being sought for the building of a 

large scale WWTP, still without a clear idea of how current infrastructure will continue to be 

financed or maintenance challenges faced (e.g. equipment repairs, salaries). Without a change 

towards adequate financial planning, it is likely that both existing and new WWTPs at the studied 

sites will continue to operate sub-optimally. 

Social issues   

The overarching recommendation, applicable to both sites, is to facilitate stakeholders the access to 

the information about their own social network. A common understanding of the problem itself is 

lacking. Who should be contacted with which need, or as formulated by Reed et all. “who is in and 

why?” (Reed et al. 2009a) is a key question with a high degree of influence on the social 

development in both pilot sites. A common understanding of the problem is the basis for facilitating 

social interaction among the involved stakeholders. Economic and human resources should be 

provided to conduct an in-depth Stakeholder- and Social Network Analysis in both pilot sites.  

4.1.5 Conclusion 

To advance towards sustainability in the urgent topic of wastewater management in the Americas, 

data scarcity and scatterdness must be overcome to allow for precise understanding of current or 

baseline sustainability performance. From such an understanding, bottlenecks can be visualized, and 

pathways towards sustainability can be envisioned. To increase the accurateness of the assessment 

and the adequacy of proposed solutions, research should go beyond one single perspective. To this 

end, we have proposed a multi-scalar data framework that includes variables for four different 

territorial scales: the WWTP, the municipality, the subcatchment and the watershed. Other scales 

could be chosen in other projects, what we propose is the multi-scalar approach, not necessarily the 

scales themselves. Additionally, we propose to assess sustainability across four dimensions 

(environmental, technical, economic and social), and to incorporate other strands of scientific 

practice into the assessment (stakeholder analysis and wickedness analysis).  

Transdisciplinarity is also a tool for improved success of research projects in this topic (see 

introduction). Throughout this project, we worked closely with local stakeholders and non-scientific 

practitioners. Their input was crucial in tailoring the framework to be locally relevant, and in the 

process of envisioning and evaluating solution options. 
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In this paper we present the method itself (section 2) and partial results of its application in two pilot 

sites (section 3). We also discuss the benefits and limitations of the method and point to ideas for its 

future improvement and further application (section 4).  

As to the method itself, we found the multi-scalar approach to enrich assessment and to allow to 

visualize issues that are not shown by single scale analysis, namely the interconnections of the 

technical system (WWTP) with ecological systems (watershed, riparian areas) and social systems 

(government, public administration, community dynamics, social perception). Shedding light on 

these interconnections, bottlenecks, and obstacles to achieve sustainability are understood in a 

deeper and more detailed way, as many of the bottlenecks would be invisible when looking only at 

one scale or one dimension. The main limitations of the method are data and time intensity. Good 

planning, working closely with engaged local partners and performing a preliminary screening of 

data availability and data holders is recommended. 

As to the results of the assessment presented here, Sustainability Assessment showed that technical 

and environmental variables tend in general to perform medially to well, with microbiological 

parameters performing below the norms in both cases. Social and economic variables are the 

weakest spot of both of the WWMS analysed. The results of the other two components of the 

method (stakeholder analysis and wickedness analysis) will be the object of future publications.  
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Abstract 

Sewage sludge is a by-product of wastewater treatment and has a complex composition including 

organic matter and nutrients. The recovery of the useful components can partially buffer the 

continuous depletion of natural resources. However, due to a range of many complex variables, such 

as concerns on safe-use practices and lack of technical capacities, sludge recovery is classified as a 

wicked problem. To facilitate the decision-making process, this study intends to provide a decision 

support framework (DSF) to guide decision making towards selecting sustainable options to handle 

sewage sludge in Latin America. The framework was tested and refined through a case study in 

Panajachel, Lake Atitlan, Guatemala. Sludge disposal solutions are missing in the municipality and 

the pathogen content highly exceeds national and international standards. The framework was used 

to evaluate possible recovery scenarios. The results show that the most sustainable ways to use 

sewage sludge in Panajachel are through agricultural use and soil conditioning. Composting is 

suggested as a conversion process to eliminate pathogens and obtain stable fertilisers. 

Keywords: sludge, sustainability, resource recovery, framework assessment, stakeholder mapping, 

Latin America 
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4.2.1 Introduction 
Sewage sludge is a by-product of wastewater treatment plants (WWTPs) processes and contains all 

substances removed from the wastewater. Therefore, sewage sludge has a complex composition 

including organic matter, nutrients, and harmful components, such as heavy metals, organic micro-

pollutants, and pathogens (European Commission, 2001). Typically, in regions such as developing 

countries, sewage sludge management has been neglected and, frequently, untreated sludge is 

directly discharged into soils or water bodies (Jiménez et al., 2010). With the increase in production 

of sewage sludge and its potential to contaminate the environment, sustainable solutions for sludge 

disposal must be urgently developed. To address the depletion of natural resources caused by an 

increase in population, sewage sludge could itself be one of the ready solutions. Sludge can be useful 

through the recovery of its valuable components such as phosphorous and micro-nutrients (Rulkens, 

2008).  

However, recovering sewage sludge is a challenging task. Due to the harmful substances contained 

in sludge, inappropriate treatment and disposal of sewage sludge may cause severe environmental 

pollution and health problems (European Commission, 2001). Often, people do not consider where 

excreta ends up after it is disposed either in toilets or latrines. As a consequence, there is a lack of 

societal awareness (Jiménez et al., 2010), and high costs associated to  the complete sludge 

treatment system are common (Papa et al., 2017). 

Due to the many variables that affect sludge recovery, sewage sludge management can be classified 

as a wicked problem (Bertanza et al., 2016). To avoid assessing sewage sludge recovery without 

sufficient data and to adopt real sustainable solutions, it is necessary to develop a framework that 

supports decision-making processes (An et al., 2016). Latin America is a region characterised by a 

continuous lack of technical capability in the field of sewage sludge management where sewage 

sludge rarely goes through an adequate disposal (Jiménez et al., 2010)., The region is known for data 

scarcity in terms of wastewater quality monitoring (Cossio et al., 2017). It is urgent to develop 

frameworks capable of supporting society in the selection of sustainable sewage management 

options. The objective of this study is two-fold. First it intends to address this complex problem by 

providing a systematic framework to guide decision making towards selecting sustainable options to 

handle sewage sludge in Latin America.  

Reported methods for the selection of sewage sludge management options can span from Life-Cycle 

Assessment (LCA) to a variety of Decision Support Systems (DSS) (Zijp et al., 2017). LCA is a widely 

accepted option to evaluate environmental impact (Garrido-Baserba et al., 2014) where the 

assessment comprises the evaluation of all impacts caused throughout the whole life cycle of a 

product (Ghazy, 2011). However, LCA are data intensive and sometimes too complex to be 

performed in data scarce regions.  

DSS are software that use multi-criteria assessment tools which support strategic planning and 

provide scenario analysis (Wenkel at al., 2013: Garrido-Baserba et al., 2014). DSS offer a 

methodological framework where all options are evaluated under fair conditions (Matthies et al., 

2007)., The results from DSS are traceable and can be easily presented to third parties with no 

specific technical background (Bertanza et al., 2016). Decision support systems have been used to 

rank sustainable options in different fields such as location of desalination plants (Dweiri et al., 

2018), design of water distribution systems (Aydin et al., 2015), or delimitation of pit limits 

(Rahmanpour and Osanloo, 2017). In WWTPs, DSS have been used for different purposes including 
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the selection of wastewater treatment technologies and control strategies. Avramenko et al. (2004) 

employed DSS to support the design of wastewater treatment systems.  Massei et al. (2014) 

integrated multi-criteria decision analysis and geographical information systems to select feasible 

areas for wastewater irrigation for agriculture, and similarly, Chhipi-Shrestha et al. (2017) developed 

a decision support tool to guide the reuse of wastewater. DSS can require the use of specialised 

software and trained users; however, the methodological structure behind provides the basis for the 

development of a simplified framework, i.e. a decision support framework (DSF) that is not 

specifically bound to specific information system. 

Primary objective of this study is to develop a systematic framework to guide decision making 

towards the sustainable options for sewage sludge thus aiming at addressing the wicked problem of 

sludge management in Latin America. Given the challenging study area and context in which both 

data collection and processing are taking place, it was decided to develop a semi-automatic DSF 

instead of performing an LCA or relying on a specific DSS. A simplified version of a DSS approach has 

been thus used to develop a DSF to better fit the Latin America and the Caribbean (LAC) research 

context. The DSF here described results in a framework that more closely reaches its user’s needs. 

As second objective, this study will validate and implement the DSF in a case study. The area 

selected as case study is the town of Panajachel located near Lake Atitlan in Guatemala.  

The manuscript has been organised as follows: after an introduction (this section), Section 2 

presents the steps taken to create the DSF and introduces the methodologies used for the data 

collection of the case study. Section 3 presents the results and discussion of the systematic 

framework and illustrates the results of the application of the framework to the selected case study. 

Finally, the conclusion is presented in Section 4. 

4.2.2 Methods  

4.2.2.1 Development of the decision support framework (DSF) 

The framework presented in this study was built upon the review of several methodologies which 

aim at guiding the decision-making process for sewage sludge management. This framework 

considers the following sustainability dimensions to rank the different sludge management options: 

economic, environmental, social, and technical. The primary reference in the creation of the 

framework was the report presented by the German Environmental Agency entitled “Guidance for 

decision-making on sewage sludge management” (Umweltbundesamt (Hrsg.), 2016). Primary 

modifications to the source were the adaptation of different sources on data collection and addition 

of the DSF to facilitate the selection process. Similarly, this study includes stakeholder engagement 

to improve the participation of main actors throughout the whole decision-making process.    

The DSF was constructed by selecting attributes which are essential for the evaluation of sustainable 

solutions. Parameters were extracted from five peer-reviewed articles listed as: Bellehumeur et al. 

(1997), An et al. (2016), Bertanza et al. (2016), Garrido-Baserba et al. (2015), and Ren et al. (2017). 

The ranking procedure was adopted from Bertanza et al. (2016) due to its simplicity and easy use. 

Avoidance of specialised DSS software was intended to facilitate the use of the proposed framework 

in municipalities or by decision makers in Latin America.  

4.2.2.2 Description of the case study area  

Panajachel is a municipality with an area of 22 km2 and is in the department of Sololá, Guatemala, on 

the shores of Lake Atitlan (Figure 4.2.5). Its population is estimated to be at approximately 20,400 
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inhabitants (INE, n.d.). In total, 65% of its population has indigenous roots and the largest 

represented ethnicity is Kakchiquel. The main drivers of the economy are tourism and its related 

services. Agriculture also contributes to a lesser extent to the economy (Luna, 2011).  

The city of Panajachel has a centralised system to treat sewage generated in the urban area. The 

WWTP treats at a rate of 0.037 m3/s of wastewater which represent 70% of the wastewater 

produced in the municipality (1 Mm3/y) and only 40% of its volume receives an efficient treatment. 

The plant is designed with activated sludge technology, and chemical precipitation further removes 

phosphorus content. 

 
Figure 4.2.5: Location of Lake Atitlan and Panajachel in the global context (Credit: Lucia Benavides) 

The WWTP presents drying beds and an anaerobic digester for sludge treatment. The WWTP have 

no available solutions for the disposal of sewage sludge. According to the person in charge of the 

operation and maintenance of the plant, the WWTP produces approximately 800 m3 of wet sludge 

yearly (Genaro Umul, personal interview, May 29, 2017).    

In Guatemala, the regulation “Acuerdo Gubernativo # 12-2 11” (MARN, 2011) regulates the 

wastewater management in the catchment of Lake Atitlan. However, the agreement does not 

include regulation for the use of sludge, which is instead covered by the national regulation (MARN, 

2006).  

4.2.2.3 Data collection for the case study 

Data was collected from various sources listed as: stakeholder surveys, sampling and analysis of 

sludge, and review of local regulations and global literature regarding sewage sludge management. 

Stakeholder survey 

Data collected through the surveys was obtained via structured personal interviews with the main 

stakeholders. In total, eight persons were contacted: three scientific experts, one representative 

from the authority, two non-governmental organisations (NGOs), and two WWTP managers 

(Supplementary information: Table S1 contains additional information regarding the sector, decision 

level, and interest of the interviewed stakeholders). All interviews were conducted following the 

same questionnaire. The interviews took place in Panajachel, Guatemala in the period from May to 

June 2017. Stakeholders were asked to contribute to the questionnaire on three aspects. First, 
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actors were asked to identify other essential stakeholders, their interests, and their degree of power 

during decision-making processes. Second, they were asked to provide their perception on the 

degree of feasibility to implement sludge handling scenarios in Panajachel (on a weight of high, 

medium, or low feasibility). Third, stakeholders were asked to provide data necessary to rank the 

DSF. They gave their opinion regarding the willingness to pay for sludge by-products, technical 

requirements to incorporate sludge into production processes, and acceptance of sludge handling 

scenarios (on a scale of 5 to 1 where 5 represented the highest degree of acceptance and 1 

represented no approval).   

Data obtained during the interviews were analysed using MAXQDA 12. For qualitative data, a code 

was generated, and the code was matched with the answers of interviewees.  Summary tables were 

created and used to analyse the case study. For responses on a numerical scale, the average value 

was used as input value for the DSF. 

Sampling of sewage sludge 

The physicochemical characterisation of sewage sludge from the municipal WWTP of Panajachel, 

Guatemala was assessed. Three samples of sewage sludge were collected at three different points in 

time. In the first sample, the sludge age (duration time in drying beds) was two weeks, with a 

sampling date of 31 May 2017. For the other two samples, the sludge age was three and four weeks, 

and with sampling dates of 6 and 14 June 2017, respectively. The analysis of Sample 1 consisted of 

heavy metals and nutrients. Sample 2 included pathogens (E. coli, faecal coliforms, and salmonella). 

Finally, Sample 3 contained nutrients and pathogens.  

The samples were collected from the drying bed units using a shovel and immediately stored in 

plastic containers (all implements were previously disinfected). They were transported in portable 

coolers with ice blocks, delivered to the laboratory facilities, and refrigerated at 4 °C. The samples 

were analysed by third-party laboratories located in Guatemala City while pathogen characterisation 

was done by a laboratory situated in Panajachel.  

Legal regulation and literature review 

For the evaluation of sludge quality at the WWTP in Panajachel (Table 4.2.12), this study makes use 

of the heavy metals thresholds presented in the “Acuerdo Gubernativo # 236-2  6”  (MARN, 2006). 

The Guatemalan legislation lacks a complete set of thresholds for pathogen composition. The 

pathogen content in the sludge samples was compared with international standards thresholds as in 

Mininni et al. (2014). The limits from Finland and Denmark were used for the evaluation of sludge 

quality (limits are included in Table 4.2.14).  

Data for attributes (such as associated costs, possible risks, environmental impacts, and technical 

characteristics of the different sludge handling scenarios) were extracted from field trip 

observations, journal articles, and handbooks on sewage sludge management. Detailed information 

and references of the data source for each attribute are included in the supplementary material, 

Table S2. 

4.2.3 Results and discussion 

4.2.3.1 Proposed decision support framework (DSF)  

The framework developed in this study consists of four basic steps as illustrated in Figure 4.2.6. The 

first step deals with the collection of data necessary to be assessed by the framework. After data 

gathering, it is necessary to develop a stakeholder map. This is intended to identify involved 
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stakeholders, gain their support, and follow up on their acceptance for implementation of the 

framework. The third step involves the ranking of sewage sludge management scenarios based on 

an evaluation of attributes categorised according to sustainability dimensions. This step has as an 

output the selection of the scenario pointing towards a more sustainable use of sewage sludge. The 

fourth and last step involves the design of the implementation of the selected sewage sludge 

handling scenario.  

 

Figure 4.2.6: Scheme of the proposed DSF to guide towards a sustainable sewage sludge management 

Step 1: Data collection  

The development of a basis for the framework is essential. Different sources must be consulted to 

extract the required data necessary for the following steps of the process. Information is needed to 

identify main stakeholders, select possible scenarios to use sewage sludge in the region, rank the 

decision support framework, and design the implementation of the handling/recovery system. In the 

context of Latin America, this study suggests employing four sources for data gathering: (1) 

stakeholder survey, (2) sludge sampling and analysis, (3) literature review, and (4) local legislation. A 

summary of the data items to be collected and their suggested source is given in Figure 4.2.7. 
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Figure 4.2.7: Important data items and their suggested source for the proposed framework (WW: Wastewater; 
SS: Sewage Sludge; and DSF: Decision Support Framework) 

Step 2: Stakeholder mapping 

Stakeholder engagement has lately been pursued in environmental decision-making processes 

(Goven et al., 2012). Better results are indeed expected for projects capable of involving relevant 

actors. Stakeholders contribute to the research with their opinions, and their active involvement in 

the project formulation makes the  final outcome an acceptable solution for both public and main 

local stakeholders (UN-Habitat, 2008). Accordingly, the second step of the framework involves 

stakeholder mapping where main groups of actors are identified. It is also essential to identify their 

interests, power level, and the relationship between group members. Stakeholder mapping must be 

carried out to link the main actors to the processes of evaluating the sludge-use scenarios of the DSF 

and decision making towards the design of the sludge recovery system. In both cases, stakeholders 

should be involved in the decision-making process and it follows that they would accept all solutions 

that have been raised as an outcome of the framework.   

The possible main stakeholder groups are authorities, communities, NGOs, scientific experts, WWTP 

managers, and end-users of sludge by-products. The groups are not consistent across regions and it 

is always possible to create new stakeholder categories. Personal interviews are recommended to 

approach stakeholders.  

Step 3: Ranking scenarios 

The third step deals with the ranking of scenarios for handling sewage sludge in the study area. The 

ranking procedure incorporates attributes necessary towards sustainable conditions. In general, 

sustainable solutions are obtained when there is a good economic balance, ecosystem and human 

health are not affected, and the community agrees with the proposed plans (Spinosa et al., 2011). 

On a first instance, it is necessary to carry out a pre-selection of scenarios which are plausible to 

implement in the region according to institutional limitations (e.g., restrictions in policies about 

handling sewage sludge). 

Pre-selection of scenarios 

Potential scenarios to handle sewage sludge are: use in agriculture, crops for biomass production, 

soil conditioning or forestry projects, as raw material for the construction industry, solidification, 
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incineration, or as coverage for landfills. The options were chosen based on a selection of practices 

across the globe, considering the feasibility for them to be implemented in developing countries and 

especially in Latin America. Options such as pyrolysis, wet oxidation, and gasification of sludge were 

discarded due to their high technology requirements, usually missing in developing countries. 

Scenarios Evaluation 

This study proposes a DSF intended to rank the sewage sludge handling scenarios. The scenario 

boundary is defined as the whole sludge handling/recovery system. In other words, each scenario 

must consider practices for sludge treatment, conversion, transportation, and usage, or disposal.  

The DSF is composed of four categories: economy (E), environment (EN), technology (T), and society 

(SO). The categories were selected to reflect a multidisciplinary assessment and represent the main 

pillars of sustainable development. Weighting the categories is avoided to express that each 

category is essential in the evaluation of the sustainability of sludge handling scenarios. Table 4.2.10 

shows all attributes from the DSF along with their definitions. 

Table 4.2.10: Attribute names and definitions of the DSF 

Attribute Code Definition 

Economy  

Investment costs E1 Total initial investment which is required to implement the sludge handling 

system 

Operation and 

maintenance (O&M) 

costs  

E2 Total monthly funding required to operate and maintain the system 

Profit E3 Total monthly profit from sludge commercialisation 

Society 

Social acceptance SO1 Approval from society to implement options to handle sewage sludge 

Heavy metal 

absorption risk 

SO2 Risk for humans to absorb heavy metals by contact or ingestion of products 

which have been in contact with sludge by-products 

Pathogen ingestion 

risk 

SO3 Risk for humans to ingest pathogens by eating products which have been in 

contact with sludge by-products 

Gas inhalation risk SO4 Risk for humans of gas inhalation of emissions produced during sludge 

conversion processes 

Environment 

Recovered material 

(by-products) 

EN1 Amount of material which is recovered for the use of sludge by-products 

Residues  EN2 Sludge or sludge by-products to be landfilled 

Occupied land EN3 Requirements of area to treat sludge 

Transportation EN4 Distance to be covered from sludge generation point to facilities where sludge 

will be used or disposed of 

Odours EN5 Odours which are generated during sludge conversion process, transportation, 

or final disposal 

Noise EN6 Noise which is produced during sludge conversion process, transportation, or 

final disposal 

Heavy metal emission 

risk  

EN7 Risk of emissions of heavy metals into the environment 
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Attribute Code Definition 

Pathogen emission 

risk 

EN8 Risk of emissions of pathogens into the environment 

Gas emission risk EN9 Risk of emissions of gases into the atmosphere 

Technology 

Reliability T1 Level of reliability to implement the sludge handling system (based on the 

implementation of cases globally) 

Operability T2 Complexity level to operate the technology to treat the sludge (includes 

complexity level of conversion processes such as composting)  

Sludge treatment 

stages 

T3 Additional units which are required to treat the sludge 

Personal requirements T4 Additional personnel required to operate the sludge handling system 

Reagents consumption T5 Additional reagents required for the sludge handling system 

Energy consumption  T6 Additional energy required to operate the system 

 

For the ranking procedure, the methodology was extracted from Bertanza et al. (2016). The first step 

is to rank the attributes. For each scenario, the attributes must be ranked based on a given colour 

scale (green, yellow, red). Green represents not problematic values; in other words, when the 

impact is considered positive. Red is used when the value signifies a severe critical situation, and 

yellow represents an intermediate case.   



  pg.155 

 
 

Table 4.2.11 presents qualitative ranges to rank the attributes, homogenise the system, and 

facilitate the assessment. Evaluation limits for attributes SO2, SO3, SO4, EN5, EN6, EN7, EN8, EN9, 

T4, T5, and T6 (see Table 4.2.10 for codification of attributes) were taken from Bertanza et al. (2016). 

The limits for the other attributes were suggested by experts on sewage sludge management.  
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Table 4.2.11: Evaluation limits for attributes of the DSF 

Attribute Evaluation limits 

Green Yellow Red 

Economy  

Investment costs Low  Medium High 

O&M costs  Low Medium High 

Profit High Medium No income 

Society 

Social acceptance High Medium Low 

Heavy metal absorption risk* Low  Medium High 

Pathogen ingestion risk* Low  Medium High 

Gas inhalation risk* Low  Medium High 

Environment 

Recovered material  All the sludge Part of the sludge Negligible 

Residues  Negligible Part of the sludge All the sludge 

Occupied land Low Medium High 

Transportation  Short Medium Long 

Odours* Negligible Of little significance Important 

Noise* Negligible Of little significance Important 

Heavy metal emission risk*  Low  Medium High 

Pathogen emission risk* Low  Medium High 

Gas emission risk* Low  Medium High 

Technology 

Reliability High Medium Low 

Operability Easy Medium Hard 

Sludge treatment stages None  1 >2 

Personal requirements1* <10% 10-20% >20% 

Reagents consumption1* <10% 10-50% >50% 

Energy consumption1*  <10% 10-50% >50% 

1 Percentage refers to the variation compared to the current situation, source: adapted from Bertanza et al. (2016)  

*Ranges taken from Bertanza et al. (2016). Experts on sewage sludge management suggested the limits for other attributes. 

Green: beneficial impact, Red: negative impact, Yellow: neutral impact. 

When all factors were assigned a colour, it is necessary to  rank the categories following the 

procedure suggested by Bertanza et al. (2016). First, attributes shall be converted into numerical 

values, using the following code: 1 for green, 0 for yellow, and -1 for red. Second, a mean value for 

the category is computed using the average of the values of its attributes. Third, the mean value 

should be converted back into colour codes according to the following scale: red for a mean value 

lower than -0.33, yellow between -0.33 and 0.33, and green for a mean value higher than 0.33. The 

same procedure shall be followed to rank the global score of each scenario. This time, instead of 

aggregating the score of each attribute, the values of each category need to be averaged. 
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Step 4: Implementation of the selected sludge handling/recovery system 

For municipalities, it is crucial to not only have guidance in choosing sustainable options to manage 

sewage sludge but also to implement the recovery system (Genaro Umul, personal interview, May 

29, 2017). The fourth step of this framework considers the definition for the design and planning of 

the implementation for the selected sewage sludge handling scenario. The steps to consider inside 

the implementation are transportation, treatment, conversion, use, and retail of sludge. For 

accurate results, it is recommended that wastewater experts lead this planning activity.  

The sludge recovery system must be designed to comply all legal and stakeholders’ specifications. If 

the parameters do not satisfy the technical requirements or exceed the national thresholds, it is 

necessary to redefine the treatment objectives. In most cases, the typical requirements are: 

reducing water content in sludge, eliminating pathogens, organic pollutants, or heavy metals, and to 

produce stable sludge by-products (Epstein, 2003). Figure 4.2.8 illustrates the possible technologies 

which could accomplish the common treatment objectives related to sludge management. In all 

situations, the chosen technologies must be selected according to the local technologies which are 

available in the study area. Stabilisation processes are employed for pathogen and odour reduction, 

improvement of dewatering potential, stabilisation of the substrate, and co-creation of biogas to 

generate power or heat. Dewatering increases the sludge dry solid content, reduces its volume, and 

produces a solid filter cake. Finally, conversion stands for a wide range of processes. The primary 

purpose is to transform sludge into valuable and marketable products (European Commission, 

2001). 

 

Figure 4.2.8: Available technologies for stabilisation, dewatering, and conversion of sewage sludge 

4.2.3.2 Case study: Panajachel, Guatemala 

Step 1: Data collection of case study 

A summary of the data collected to evaluate the case study of Panajachel is available in the 

supplementary information (Table S2).  Table 4.2.12 illustrates the characterisation of heavy metals 

from the sewage sludge of Panajachel along with a comparison of the local thresholds stated by 

“Acuerdo Gubernativo # 236-2  6” (MARN, 2006). Cadmium, mercury, chromium, and arsenic 

content are found to be in agreement with local limits. The composition of nutrients and pathogens 

are presented in Table 4.2.13 and Table 4.2.14, respectively. In Panajachel, nutrients, phosphorus, 

and nitrogen contained in sludge are low in concentration if compared to typical values for sewage 
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sludge. Potassium, calcium, and magnesium concentrations are comparable to the sewage sludge 

average value reported by Epstein (2003). For pathogens, the concentration of faecal coliforms, 

Salmonella, and E. coli highly exceeds Guatemalan and international threshold levels.  

The composition of sewage sludge from Panajachel in terms of pathogen content exceeds the upper 

limit threshold. Heavy metals concentrations meet the local regulation. This result is not surprising 

since the study area has no presence of industries which could contribute to heavy metals effluent 

enrichment. The elevated pathogen level is instead a signal for a miss operation of the WWTP 

anaerobic digester.  

Table 4.2.12: Comparison of thresholds based on Guatemalan regulations and analysis of heavy metals of 
sewage sludge from Panajachel 

Parameter National regulation* (mg/kg DS) Measurement case study** (mg/kg DS) 

Cadmium 50 3 

Mercury 25 0.5 

Chromium 1500 28 

Arsenic 50 32 

*Thresholds extracted from Guatemalan regulation: Acuerdo Gubernativo # 236/2006 (MARN, 2016) 

** Values analysed for sample 1. Sample 2 and 3 did not analysed heavy metals 

DS: Dry solids 

Table 4.2.13: Typical composition of nutrients in sewage sludge compared to analysed values in sewage sludge 
from Panajachel, Guatemala (mean ± sd, n=2) 

Parameter Unit 
Typical range 

sewage sludge* 

Median value sewage 

sludge* 

Measurement case 

study**   

pH - 7-8 - 6.75 ± 0.49 

P % 0.5-14.3 3.0 0.78 ± 0.13 

K % 0.02-2.64 0.30 0.30 ± 0.09 

Ca % 1.9-20.0 4.9 3.03 ± 0.40 

Mg % 0.03-1.92 0.48 0.25 ± 0.01 

TN % 0.5-17.6 4.2 3.87 ± 0.21 

*Typical values extracted from Epstein (2003) 

** Mean value calculated from sample 1 and 3. Nutrient and pH were not measured in sample 2 

Table 4.2.14: Pathogens in sewage sludge from Panajachel, Guatemala compared to local and international 
standards (mean ± sd, n=2) 

Parameter International threshold* Measurement case study (MPN/mg)** 

Faecal coliforms 0.002  CFU/mg (Guatemala) 4.05 x 108 ± 5.59 x 108 

E. coli < 1000 CFU/mg (Finland) 1.51 x 104 ± 2.10 x 104 

Salmonella No occurrence (Denmark) 6.50 x 107 ± 7.07 x 106 

*International thresholds extracted from Mininni et al. (2014) and Guatemalan limit extracted from Acuerdo Gubernativo # 

236/2006 (MARN, 2006) 

** Mean value calculated from sample 2 and 3. Pathogens were not analysed in sample 1 

Step 2: Stakeholder mapping of case study 

This study represents a first attempt to group and classify the stakeholders related to wastewater 

management (including sewage sludge) in Lake Atitlan, Guatemala. The objective is to preliminarily 

identify the main actors, their possible interests, and power levels. Later, it is necessary to carry out 
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additional studies to design strategies that incorporate all stakeholders into the decision-making 

process related to sewage sludge management in the municipality.  

The main groups of stakeholders related to wastewater management were classified as: (1) 

authorities, (2) community, (3) WWTP managers, (4) final users of sludge by-products, (5) scientific 

experts, and (6) related non-governmental organisations (NGOs). The actors were classified into the 

groups according to their origin. Figure 4.2.9 represents a stakeholder map with a power and 

interest matrix of the actors related to wastewater management in Lake Atitlan. 

 

Figure 4.2.9: Stakeholder analysis – power, interest, and relationship analysis for wastewater management in Lake Atitlan, 
Guatemala 

Figure 4.2.9 shows that, firstly, farmers or individual sludge by-products users, and associations are 

isolated and lack contact with other stakeholder groups. Major engagement with users of sludge by-

products are essential to gain support and to meet technical requirements. WWTP managers and 

local authorities have no contact with scientific experts or NGOs, explaining the lack of technical 

support that WWTPs are now facing. Sustainability/environmental authorities and NGOs have 

communication with almost all other stakeholders and therefore are vital stakeholders that can help 

to lead the process of selecting sludge-use options for municipalities inside the basin. The 

community is well-represented, however, they lack good contact with local authorities and NGOs.  

Step 3: Ranking of scenarios of case study 

Pre-selection of scenarios for the case study of Panajachel 

Stakeholders evaluated the feasibility of implementing six options to appropriately handle sewage 

sludge produced in the WWTP in Panajachel. Table 4.2.15 shows the description of each scenario 

along with a summary of the feasibility and restrictions given by the actors.   

All options which have some degree of feasibility were selected for the evaluation. The chosen 

scenarios were (S1) use in agriculture, (S2) soil conditioning, (S3) incorporation into earth-based 

construction method, (S4) non-carbonised briquettes for artisanal furnaces, and (S5) coverage for 
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landfills. Only the biofuel scenario was discarded due to the lack of this type of projects in the 

region.  

Table 4.2.15: Description, feasibility, and restrictions of possible sludge handling scenarios for WWTP of Panajachel, 
Guatemala 

Scenario 
Description Feasibility assigned by 

stakeholders 

Restrictions given by 

stakeholders 

Agriculture 

Sludge will be used to create 

safe fertilisers. These will be 

employed to increase the yield 

of agricultural crops.  

Treatment scheme: Existing 

anaerobic digester and drying 

beds + composting 

High: Sludge has good 

nutrient content and can 

be used for agricultural 

purposes. 

1. Eliminating pathogens is 

necessary. 

2. Sludge does not provide a 

good N:P:K ratio.  

3. For composting 

processes, sludge must 

have a medium moisture 

content. 

Soil conditioning 

Sewage sludge will be used to 

give depleted soils its normal 

condition. Due to the organic 

and nutrient content of sludge, 

it can improve the soil 

characteristics of reclamation 

sites (eroded lands, closing 

landfills, or mines). 

Treatment scheme: Existing 

anaerobic digester and drying 

beds + composting 

Medium: The region 

needs soil enrichers. 

1. Soil conditioning projects 

do not exist yet in the area. 

2. Sludge must be hygienic 

(no presence of pathogens). 

Incorporation 

into earth-based 

construction 

technique 

Sewage sludge will be used in 

earth-based construction 

methods. Sludge will be mixed 

with earth, lime, branches, and 

water. All material should be 

incorporated into a density 

machine where pressure will 

be added to obtain rigid blocks 

or sheets. 

Treatment scheme: Existing 

anaerobic digester and drying 

beds + liming + density 

machine 

Low: In the area, there is 

no experience 

incorporating sludge into 

earth-based construction 

methods. Nutrient 

recovery is missing. 

1. Blocks or sheets should 

comply with the anti-seismic 

regulations. 

2. The health of workers and 

inhabitants of the houses 

must be guaranteed. 

Disinfection is required. 

Incineration 

(non-carbonised 

briquettes) 

Sewage sludge will be used to 

create non-carbonised 

briquettes to be sold as fuel for 

cooking and heating. Sludge 

will be mixed with sawdust and 

lime. A density machine will 

add pressure and create the 

briquettes. 

Treatment scheme: Existing 

anaerobic digester and drying 

beds + liming + density 

machine 

Low: Only possible for 

artisanal furnaces (no 

industrial kilns).Resources 

are not recovered.  

1. Several persons handle 

the product and sludge must 

be disinfected. 
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Scenario 
Description Feasibility assigned by 

stakeholders 

Restrictions given by 

stakeholders 

Cover in landfills         

Sewage sludge will be sent to 

the municipal landfill of 

Panajachel to be used as daily 

cover. 

Treatment scheme: Existing 

anaerobic digester and drying 

beds + liming 

Medium: Only possible if 

the current dump is 

restructured to a technical 

landfill. Resource recovery 

is missing. 

1. By ordinance of the local 

regulation, sludge must be 

disinfected before being 

landfilled. 

Biofuels 

production 

Sludge will be used as fertiliser 

of biomass crops designated 

to produce biofuels.  

Treatment scheme: Existing 

anaerobic digester and drying 

beds + composting 

No feasibility: The region 

lacks projects for biofuel 

production. 

1. Biofuel production is not 

part of the development plan 

of the area. 

Source: Personal interviews with local stakeholders related to wastewater management in the basin of Lake Atitlan 

Evaluation of attributes for the case study of Panajachel 

The selected scenarios were evaluated using the methodology presented for the DSF.   
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Table 4.2.16 shows the result of the evaluation. In summary, green corresponds to favourable 

conditions, red to critical ones, and yellow to intermediate situations. According to the results of the 

DSF, in Panajachel the most sustainable path to use sewage sludge (global green score) is in 

agriculture or for soil conditioning. 
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Table 4.2.16: Results from DSF applied to the case study in Panajachel, Guatemala 

Category Attributes S1 S2 S3 S4 S5 

Economy 

E1 Investment costs           

E2 
Operation and 

Maintenance cost 
          

E3 Profit           

Average Economy           

Society 

SO1 Social acceptance           

SO2 
Heavy metal 

absorption risk 
          

SO3 
Pathogen ingestion 

risk 
          

SO4 Gas inhalation risk           

Average Society           

Environmental 

EN1 Recovered material            

EN2 Residues            

EN3 Occupied land           

EN4 Transportation*           

EN5 Odours      

EN6 Noise           

EN7 
Heavy metal 

emission risk  
          

EN8 
Pathogen emission 

risk 
          

EN9 Gas emission risk           

Average Environmental           

Technical 

T1 Reliability           

T2 Operability           

T3 
Sludge treatment 

stages 
          

T4 
Personal 

requirements 
          

T5 
Reagents 

consumption 
          

T6 Energy consumption            

 Average Technical           

All categories Global main score Agriculture 
Soil 

conditioning 

Earth-based 

construction 

Non-

carbonised 

briquettes  

Cover  

landfills 

S1: Agriculture, S2: Soil conditioning, S3: Earth-based construction method, S4: Incineration as non-carbonised briquettes, S5: Cover 

landfills 

Green: beneficial impact, Red: negative impact, Yellow: neutral impact. 
* EN4 (transportation) was not considered in this system due to lack of data. 

 

All attributes of the DSF were evaluated except for transportation (belonging to the environmental 

category). Transportation was not considered as, in all scenarios, there is no clear information where 

the sludge can be handled. The impacts of shipping costs were not possible to estimate without a 

specific geographical location. Some attributes of the DSF were evaluated using general statements.  

In the future, attributes of investment, operational and maintenance costs, possible money inputs 
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should be calculated using detailed local prices and the acceptance of all scenarios should be 

evaluated after having consulted the whole community and not only main stakeholders.  

In the case study of Panajachel, the most sustainable paths for sewage sludge handling are in land-

use applications (either in agriculture or as soil conditioning). The agricultural option presents a 

green score in all categories (Economy, Society, Environment, and Technology) of the DSF.  Soil 

conditioning exhibits a green score in the Society and Environment categories and a yellow score in 

Economy and Technology. Both options are classified as sustainable; however, use in agriculture can 

be nominated as the preferred path for the following reasons: the use of sludge for agricultural 

purposes has a low investment cost and higher (potential) monetary profits and sludge application 

for agricultural uses  is accepted by stakeholders because it has only a low to moderate risk to 

society and environment and low energy requirement. Sewage sludge are already recovered to 

produce compost to avoid environmental contamination. This provides to the region previous 

experience in organic waste management and its use as organic fertiliser.  

Soil conditioning is instead not supporting a sustainable management as much as an option as 

agricultural use does within the Economy category. In Panajachel, it is indeed unlikely that people 

would pay for soil amendments thus,the willingness to pay is lower than the ones encountered for 

sewage sludge use in agriculture where people are keener on investing their own money for organic 

fertilisers. Nevertheless, soil conditioning was found to be (1) accepted by stakeholders because it 

represents a low risk for society; (2) capable of recovering all sludge to produce soil amendments; (3) 

of low to moderate risk to the environment. In the region, there is no experience of soil amendment 

usage; for the study area, the option has not been proven to be reliable as in the case of organic 

fertilisers in agriculture. 

Alternative scenarios for handling sewage sludge in Panajachel reveal that incorporation into earth-

based construction method, manufacturing of non-carbonised briquettes, and usage as coverage for 

landfills have moderate levels of sustainability. Construction usage and coverage for landfills have 

low weights for investment cost since new equipment is needed and it is not commonly available in 

the study area. In the earth construction method and coverage for landfills, managers traditionally 

avoid paying for raw materials (since earth is freely available in the area) and thus those scenarios 

could unlikely have monetary inputs for Panajacel. For the Society category, the only not accepted 

method is manufacturing non-carbonized briquettes because of stakeholders’ concerns on the risks 

associated to its production. The lack of proper ovens might indeed generate unhealthy gas 

inhalation for the population and workers. 

 Landfilling has been found to be the scenario with the highest environmental impacts. No recovery 

of valuable components is foreseen, and even as land coverage function, undesirable odours and gas 

emissions reduce its acceptance. 

For the technical category of the framework, it is important to remark that there are no other 

studies where sewage sludge has been used in earth-based construction methods and therefore, its 

reliability is the lowest. For the operability, people in the study area have experience with earth-

based construction methods and covering of landfills but they lack knowledge to produce non-

carbonized briquettes.  
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Step 4: Implementation of the sludge recovery system in case study 

Panajachel already has an existing sludge treatment containing an anaerobic digester and drying 

beds. The municipality also has composting facilities available. To maximise existing resources, this 

study suggests benefitting from the existing sludge treatment system. In both  solution options 

(agriculture and soil conditioning), sewage sludge can be stabilised via composting processes able to 

deploy pathogen load and produce more stable by-products (Kosobucki et al., 2000). The produced 

fertiliser may be sold to agricultural or soil conditioning projects. For the composting processes, the 

existing facilities should mix sludge with other organic residues and the standard existing procedure 

of ‘piles and turning’ should be carried out. The quality of fertilisers should be frequently assessed to 

avoid the proliferation of potential pathogenic microorganisms in compost lots ready for the market 

(Roman et al., 2015).  

Potential future improvement of the systematic framework 

With the implementation of the case study, potential improvements to the given framework were 

identified. In this study, the DSF was simplified by adopting a basic ranking procedure. The 

simplification was intentional. The basic ranking could facilitate the use of the DSF locally. However, 

this method has a drawback which is the arbitrariness on the definition of the evaluation limits for 

each attribute. Several attributes include broad classifications defined by high, medium, and low 

conditions. Since exact definitions are not provided, it is possible to derive discrepancies between 

different cases and users. To perform an accurate evaluation under all circumstances, it is 

recommended to replace qualitative limits by quantitative values. Due to the complexity involved to 

get in line with sustainable management, it is essential to review the set of attributes that form the 

DSF. If any important aspect is found to be missing, it is possible to include additional attributes to 

enrich the evaluation phase. 

4.2.4 Conclusion 
The here presented DSF revealed to be a promising tool to guide decision makers towards 

sustainability in sludge management options through standardised steps. This study represents an 

attempt to solve the problem of decision making for sewage sludge management in Latin America. 

The evaluation phase is of high importance within the framework since it provides a systematic and 

simplified procedure to rank sewage sludge handling scenarios. 

The city of Panajachel has a WWTP serving 17,400 persons. The produced sewage sludge presented 

a high content of pathogens (faecal coliforms: 106-108 MPN/mg; E. coli: 103-104 MPN/mg; and 

salmonella 107 MPN/mg) and low concentration of heavy metals (Cd: 3 mg/kg DS; Hg: 0.5 mg/kg DS; 

Cr: 28 mg/kg DS; and As: 32 mg/kg DS). Only pathogens exceed maximum concentration thresholds 

included in international standards. The WWTP has no appropriate disposal of sewage sludge. The 

results showed that in Panajachel the sewage sludge management options closer to a more 

sustainable practice is the sludge application in agriculture or as soil conditioning. In both cases, the 

recommendation is to implement a composting process which eliminates pathogens and mixes 

sludge with organic waste to produce good quality organic fertilisers.  
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5 Applying the Nexus 
While circularity can benefit resource use and sustainability assessments can help determine their 

share and weight towards the overarching sustainability of wastewater treatment, nexus thinking 

can help gain knowledge for systemic change.  

Disciplinary approaches, e.g. from an engineering perspective, are not enough to grasp the difficult 

challenges of social and political realities, that often hamper a sustainable and sustained solution. 

Scholz and Steiner (2015) propose to use transdisciplinary approaches to address real-world 

problems and their respective sustainable solutions. Overcoming the predominant fragmented 

disciplinary approaches by moving through interdisciplinary methods to transdisciplinary modalities 

may lead to more robust results. As such Scholz and Steiner argue that: “In a world of globalized 

challenges such as pollution, social injustice, migration, and resource use, sustainable transitioning is 

a multidimensional and multiscale issue. Mastering these challenges calls for including experiential 

knowledge from multiple scales such as disciplinary knowledge related to a specific challenge” (R. 

Scholz and Steiner 2015). 

Similar concepts to transdisciplinarity are for instance co-design in product development with the 

aim of giving the consumer or user of a product more say in its design, since this is the person who 

will ultimately buy it (Prahalad and Ramaswamy 2004). In sustainable development the principles of 

co-production of knowledge are prominent where the role of the researchers in the production of 

relevant knowledge in the space between science and the public is in the focus, with a clear 

emphasis on the creation of an area of interaction between those two spaces (Pohl et al. 2010).  

The two articles presented here look on the one hand at changes in irrigation and drainage 

management that include technical and technological improvements but also participatory and 

governance aspects. On the other hand, the second article dives deeply into knowledge generation 

and how types of analysis beyond numerical modelling can foster knowledge for systemic change 

resulting out of the SludgeTec project. 
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Abstract 

While the world is facing unprecedented transitions and threats, we need to deeply rethink the 

relationships between water and energy use, food production, and ecosystems protection. This 

includes the development and deployment of ambitious, out-of-the-box solutions towards 

sustainable development. This paper is based upon recent discussions before and during the 2nd 

World Irrigation Forum in Chiang Mai, Thailand.  

This paper takes stock of the current knowledge and analyses the most recent trends in water, 

irrigation and the environment. It discusses the requirements for strategic approaches and the 

contributions of irrigation and drainage to the sustainable development goals. Firstly, we 

concentrated on renewed and more balanced relationships between water, energy, food and 

ecosystems in the context of irrigation and drainage management. Secondly, we assessed the 

positive and negative impact of agricultural water use in order to demonstrate and improve its 

performances. Given the exacerbated competition and water resources scarcity, better 

understanding the positive effects and valuable ecosystem services provided by irrigation and 
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drainage systems would pave the way to maximizing benefits and safeguarding the environment. 

Lastly, we tried to address the role of stakeholders in irrigation governance. This includes active 

contribution to policymaking and planning, incentives, and most importantly, capacity development.  

 

KEY WORDS: water-energy-food nexus; water management; water resources; water security; food 

security; sustainable energy; agriculture management; SDG. 

 

 

RÉSUMÉ 

 

Alors que le monde est confronté à des transitions et à des menaces sans précédent, nous devons 

repenser profondément les relations entre l'utilisation de l'eau et de l'énergie, la production 

alimentaire et la protection des écosystèmes. Cela inclut le développement et le déploiement de 

solutions ambitieuses et prêtes à l'emploi vers un développement durable. Ce document est basé 

sur des discussions récentes avant et pendant le 2ème Forum mondial d'irrigation à Chiang Mai, en 

Thaïlande. 

Ce document fait le point sur les connaissances actuelles et analyse les tendances les plus récentes 

en eau, en irrigation et dans l'environnement. Il traite des exigences relatives aux approches 

stratégiques et aux contributions de l'irrigation et du drainage aux objectifs de développement 

durable. Tout d'abord, nous nous sommes concentrés sur des relations renouvelées et plus 

équilibrées entre l'eau, l'énergie, la nourriture et les écosystèmes dans le cadre de la gestion de 

l'irrigation et du drainage. Deuxièmement, nous avons évalué l'impact positif et négatif de 

l'utilisation de l'eau agricole afin d’en démontrer et d'en améliorer ses performances. Compte tenu 

de la concurrence exacerbée et de la pénurie de ressources en eau, une meilleure compréhension 

des effets positifs et des services écosystémiques précieux fournis par les systèmes d'irrigation et de 

drainage ouvrirait la voie à la maximisation des bénéfices et à la protection de l'environnement. 

Enfin, nous avons essayé d'aborder le rôle des intervenants dans la gouvernance de l'irrigation. Cela 

inclut une contribution active à l'élaboration des politiques et à la planification, des incitations et, 

plus important encore, le développement des capacités. 

 

MOTS CLÉS : lien eau-énergie-nourriture ; gestion de l'eau ; ressources en eau ; sécurité de l'eau;  la 

sécurité alimentaire ; énergie durable ; gestion de l'agriculture; SDG. 
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5.1.1 Introduction 
For a few decades already, and under acceleration in the new millennium, the world is facing 

unprecedented transitions which interact with water management at large and the irrigation sector 

in particular. Some of those transitions are continuous and somewhat foreseeable: demography, 

urbanization, biodiversity loss and environmental degradation. Other changes are more sudden or 

difficult to predict: the economic slow-down in most developed and transition countries since 2008, 

the technology, digital and communication revolution, health crises, conflicts, and massive 

migrations. All of the above phenomena contribute to deepen poverty and food insecurity in many 

least developed areas. 

Global water demand is largely influenced by population growth, urbanization, food and energy 

security policies, and macro-economic processes such as trade globalization and changing 

consumption patterns. Demography and urbanization especially have indirect yet massive effects on 

irrigated agriculture: food demand grows and changes towards diversified diets; the emerging 

middle-class demands healthier, safer, more 'ethical' products; energy demand keeps increasing 

(hence competing with other water uses); even in least developed areas, the young migrate or show 

low interest in agriculture, resulting in the rise of youth unemployment issues. 

Agriculture accounts for 70% of total global freshwater withdrawals, which is as high as 90% in many 

regions of the developing world, making the agricultural sector the largest water user (Food and 

Agricultural Organization (FAO), International Fund for Agricultural Development (IFAD), and World 

Food Programme (WFP) 2015) (Figure 5.1.1). Irrigation is of crucial importance to global food 

security. Irrigated crops account for 40% of global crop production while being cultivated on 20% of 

the global land surface (‘AQ ASTAT - FAO’s Information System on Water and Agriculture’ n.d.). Yet, 

if 37% of arable land is irrigated in Asia, 14% and 5% of land is irrigated in Latin America and Africa 

respectively. Times of rapid expansion and massive investments in irrigation are of the past. Indeed, 

FAO projects that only a small amount of additional land will be equipped for irrigation by 2050. 

Compared to 48 and 53 million hectares of land equipped with irrigation in East Asia and South Asia 

respectively during 1961/1963 – 2005/2007, only 8 and 3 million hectares respectively are projected 

to be added by 2050 (Food and Agricultural Organization (FAO), International Fund for Agricultural 

Development (IFAD), and World Food Programme (WFP) 2015). Irrigation water use will increasingly 

compete with natural ecosystems needs, and increasing urban and industrial demands, in a context 

of increased resource scarcity, and climatic changes. 
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Figure 5.1.1: Global distribution of areas irrigated with groundwater and surface waters from "Stefan Siebert, Verena 
Henrich, Karen Frenken and Jacob Burke (2013). Global Map of Irrigation Areas version 5. Rheinische Friedrich-Wilhelms-
University, Bonn, Germany / Food and Agriculture Organization of the United Nations, Rome, Italy" 

 

Meanwhile, the food production and supply chain consumes about 30% of the total energy 

consumed globally (Food and Agricultural Organization (FAO) 2011). Energy is needed to produce, 

transport and distribute food as well as to extract, pump, lift, collect, distribute, transport and treat 

water. Conversely energy production from crops through biofuels and biogas is seen as a mitigation 

measure against increasing greenhouse gas emissions and as a CO2 neutral means of producing 

energy. Competition for soil and water for the production of food versus energy is an issue and will 

only increase in the near future as about 60% more food will needed to be produced by 2050 and 

energy demand is projected to grow by nearly one-third between 2013 and 2040 (International 

Energy Agency (IEA) 2015).  

As a result, total global water withdrawals for food crop irrigation are projected to increase about 

10% by 2050 (Food and Agricultural Organization (FAO) 2011) and water withdrawals for energy 

production, which currently account for 15% of the world's total, are expected to increase by 20% by 

2035. While the water is used for agricultural production, forestry and fishery, utilization also to 

produce or transport energy in different forms, and supply chain consumes about 30% of total 

energy consumed globally (FAO 2014). Biofuels offer an alternative energy source to fossil fuels. 

Their water-related impacts mainly depend on whether they are produced from rainfed or irrigated 

feedstock crops (Babel, Shrestha, and Perret 2011). The water requirements of biofuels produced 

from irrigated crops can be much larger than for fossil fuel resources and can therefore have 

important implications for local water availability (Gheewala et al. 2014), whereas rainfed 



pg.176   CHAPTER 4 

production does not substantially alter the water cycle (WWAP (World Water Assessment 

Programme) 2014).  

Cities and the industry also claim increasingly more water, energy and land resources, and at the 

same time, face problems of environmental degradation and in some cases, resources scarcity (FAO 

2014). Cities import significant amounts of food, consumer goods and energy from outside the city, 

which requires large amounts of water at the point of production, transportation and sale. This 

virtual water footprint of cities greatly exceeds direct water use (Mekonnen and Hoekstra 2016). 

In view of such situation and trends, the United Nations have designed and adopted 17 Sustainable 

Development Goals in September 2015. For many of them, achievements will prove closely related 

to sound irrigation and drainage systems, and ambitious, renewed IWRM practices. Indeed, poverty 

eradication (Sustainable Development Goal (SDG)#1), improved food security (SDG#2), access to 

clean water (SDG#6), access to sustainable energy (SDG#7), inclusive economic growth and decent 

working conditions (SDG#8), reduction of inequalities (SDG#10), cleaner production (SDG#12), clean 

terrestrial ecosystems (SDG#15), and stronger institutions (SDG#16), all refer closely to more 

sustainable, resource-efficient local irrigation and drainage systems, and to IWRM practices at the 

basin / regional levels. 

This paper originates from such strategies and from recent and high-level discussions held in 

preparation of, and during the 2nd World Irrigation Forum in Chiang Mai, Thailand (November 2016). 

Dense debates, showcases, methodologies resulted in many innovative ideas and solutions, which 

pave the way to making the agricultural water sector a positive contributor to most SDGs. The 

present paper discusses some required strategic orientations to strengthen the contribution of 

irrigation and drainage to the SDGs. 

 

5.1.2 Integrating resource management through Nexus thinking 
The current and future challenges require unconventional thinking and solutions. Increasing 

pressures on environmental resources may undermine the resilience of ecosystems, limit economic 

growth and threaten goals related to human well-being including water, food and energy security 

(Hoff 2011; Ringler, Bhaduri, and Lawford 2013). The Water-Energy-Food (WEF) Nexus captures the 

integrated nature of thinking about irrigation and drainage in the 21st millennium. The WEF Nexus 

links multiple resource-use practices and focuses on the efficiency of the system rather than on the 

productivity of isolated sectors (Hoff 2011). Thinking within the WEF Nexus framework with the 

water resources at its heart is essential (Vlotman and Ballard 2014). This helps in adopting a more 

integrated holistic approach to manage the water resources with the aim to produce more from less 

'more crop per drop per kilowatt' and involve stakeholders from farmer to minister allowing for 

concrete solutions (Payen, Basset-Mens, and Perret 2015). To avoid a water centric approach the 

United Nations University Institute for Integrated Management of Material Fluxes and of Resources 

(UNU-FLORES) focuses on research of the natural resource based Water-Soil-Waste Nexus Approach 

(Hülsmann and Ardakanian 2014) (Figure 5.1.2). By highlighting the importance of soil as pertains to 

its degradation, and nutrients, which can be supplied through waste products, the bio-physical, 

socio-economic and institutional interlinkages that drive the use of these resources are assessed, 

arguably resulting in more effective and efficient solutions to problems. 
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Figure 5.1.2: UNU-FLORES's Water-Soil-Waste Nexus Approach - typical flowchart of a policy development process and 

specifically defined criteria for a Nexus relevant case 

5.1.2.1 Managing increasing resource demands from various sectors 

Ambitious plans for large irrigation infrastructures exist, yet they are fraught with uncertainty and 

risks (climate change, droughts, declining groundwater resources, and salinization) and marked by 

past experiences of poor management and low productivity in developing countries. Recent analyses 

show that large, multipurpose dams in West Africa for example are no panacea (Barreteau, Farolfi, 

and Perret 2016). Irrigation efficiency and productivity remain low due to poor capacities, planning, 

land, and governance issues (Ragab 2012). Globally, although resource development and 

mobilization remain crucial and feasible in few places, opportunities for further massive 

development seem unlikely in many countries, owing to financial issues. It is unlikely that further 

significant increases in abstraction of water for irrigation at reasonable costs are plausible without 

severe environmental or social disturbances in most countries. 

As a consequence, supply-driven approaches must definitely leave room for demand management, 

use efficiency increases, optimized allocation of various resources, capacity development and sound 

governance (S. Perret, Farolfi, and Hassan 2006). Water resources are limited, and per capita water 

availability is decreasing. ICID statistics indicate that per capita freshwater shares in 2050 is expected 

to be one third of what it was in 1950. Surface irrigation has poor field efficiency. More efficient 

water use systems such as drip and sprinkler systems are required to replace such traditional 

systems, where possible. Novel strategies informed by different types of datasets and integrated 

through numerical models can help save water. In this way, for instance deficit irrigation techniques 

can be placed in areas where they make the most sense in terms of costs, social acceptance, and 

ecological usefulness.  
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5.1.2.2 Improving water productivity – Smart infrastructure 

Water productivity 'yield per unit of water used' can be improved greatly by increasing the water use 

efficiency through modernization of the irrigation system and irrigation application strategies. 

Modernization and rehabilitation of irrigation systems refers to the improvement of existing 

irrigation systems that includes planning, cost sharing, institutional arrangements and resulting 

required operation and maintenance, capacity development, canal control systems and 

development with respects to automation of such systems; use of internet, mobile communication 

and remote monitoring; standardization and codes of practices.  

The increased efficiencies have come in great part from the improved understanding of the energy 

physics of water which led to modern evapotranspiration (ET) theory and ET-based crop irrigation 

scheduling. Many water conservation techniques were developed in the last half of the 20th century, 

including drip and micro irrigation, which has spread from hyper-xeric conditions to nearly every 

climate and rainfall environment where there is a need, for one reason or another, to conserve 

water.  

Use of Information and Communications Technologies (ICT) for agricultural water management 

(AWM) is underway even in remote developing areas of Asia and Africa, with applications on 

irrigation scheduling, cost recovery, markets or flood hazards. However, high cost and high 

capacities are required for ICT maintenance. Therefore, application of these new technologies 

should be based on a sound feasibility study as well as cost-benefit ratio, and appropriate selection 

of ICT system and also consideration on technical level of personnel as well as installation and 

maintenance cost. Durable and hardened ICT systems have to be installed (because the systems are 

operated outdoor), and reliable and error free systems are required for successful system operation. 

Similarly, smart systems for the provision of the necessary energy for the pumping and distribution 

systems have been initiated. Solar powered pumping and distribution systems have been tested in 

Canada leading to >30% water and energy savings.  

 

5.1.2.3 Augmenting water supply – Using non-conventional water resources 

Non-conventional water resources refer to resources other than the fresh water. They might 

include: saline waters, brackish groundwater, agricultural drainage water, rainwater harvesting, 

treated waste water, agro-industry treated waste water, mining water, desalinated water and more. 

Use and reuse of agricultural drainage water can augment the available water in many countries 

where fresh water is in short supply. In some cases, the drainage water has low salinity level as it is 

generated by excessive use of fresh water in surface irrigation (e.g. Egypt and Syria). However, in 

some other cases, the drainage water is saline. In such case, water is mixed with fresh water before 

irrigation or used alternatively with fresh water. Non-conventional water resources sometimes 

require non-conventional crops. Saline/brackish ground water can be used to irrigate salt tolerant 

crops (e.g. quinoa and amaranth) under a proper management system. 

A truly integrated approach is essential to encourage the increased use of poor-quality water for 

irrigation, in order to both minimize drainage disposal problems and maximize the beneficial use of 

multiple water sources. Agricultural use of non-conventional water is more easily accepted and 

implemented in water-stressed areas where irrigation is already practiced. However, skills 

development, appropriate institutions and strong extension services are required. Participatory 

bottom-up approach is a cornerstone issue governing success and/or failure in any reuse irrigation 

project. Salt movement is intimately tied to water movement, and therefore salinity management is 
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largely a function of water management in any irrigation system. Sustainability and success of non-

conventional water uses depends on sound implementation and management. 

Globally over 80% of wastewater worldwide is not collected or treated, and urban settlements are 

the main source of pollution (WWAP 2012). Urban and peri-urban areas are both producers and 

consumers of large amounts of wastewater. Untreated or partially treated wastewater is 

increasingly being used for irrigation and will become the sole water source for many farmers in Sub-

Saharan Africa (WHO and UNEP 2006). Nutrients and organic matter from wastewater can improve 

soil fertility and reduce the need to apply chemical fertilizers. Farmers can therefore benefit through 

increased productivity and yields and faster growing cycles, while decreasing their needs for 

chemical fertilizers and additional water sources (Corcoran et al. 2010) as long as they adhere to a 

set of guiding principles to protect themselves and their families from wastewater irrigation induced 

health risks (Figure 5.1.3). An example of this is the Safe Use of Wastewater in Agriculture (SUWA) 

project which aims at using treated wastewater for fertigation purposes (see examples of this 

practice under (Hettiarachchi and Ardakanian 2016)). In areas with receding groundwater levels, 

injection of reclaimed wastewater into these aquifers as artificial recharge can also be an alternative 

to the direct irrigation on fields. 

 

 
Figure 5.1.3: Schematic representation of the different aspects of wastewater re-use, including irrigation and the use of bio-

solids as soil conditioner (from: Masdar Institute of Science and Technology, Abu Dhabi, UAE) 

De-salinization of sea water increases the total amount of available water. However, the de-

salinization technology is still questionable with respect to its economic feasibility for agriculture. 

De-salinization industry, however, creates several adverse environmental impacts including the 

marine biology and fish community which require proper mitigation. These include discharge to the 

near-shore marine environment of reject hot brine, residual chlorine, trace metals, volatile liquid 

hydrocarbons, anti-foaming and anti-scaling agents. 
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5.1.2.4 Integrated modelling 

Global models can already tell us where irrigated areas are present and how global food markets 

influence the agricultural production (Mauser et al. 2015). Dam managers calculate the hydropower-

energy production with models. Virtual water models can show us how water used for the 

production of crops is exported in the form of produce to other countries (Mekonnen and Hoekstra 

2016); further, they also highlight the inescapable trade-offs between food, feed, and fuel crop 

productions (Gheewala et al. 2014). Recent advances in life cycle assessment in irrigation allow for 

complete evaluation of environmental impacts and resources use (Payen, Basset-Mens, and Perret 

2015). 

Models of different disciplines are increasingly interconnected (e.g. techno-environmental models; 

(Babel, Shrestha, and Perret 2011); agro-climatic models, (Avellan, Zabel, and Mauser 2012); hydro-

economic models, (Divakar et al. 2011); techno-economic models, (Ullah et al. 2016)) and contribute 

to quantifying the impacts of integrated management options and policies. Advances in 

meteorological short- and long-term modelling may aid in adjusting the placement of infrastructure 

at climate-proof locations but also in the daily weather smart decision-systems of when, where and 

how much to irrigate to maximize yield and minimize water and energy consumption (World 

Meteorological Organization 2012). Further examples of integrated modelling include the Integrated 

Hydrological Modelling System (IHMS) (Ragab and Bromley 2010) for watershed scale and the 

SALTMED model (Ragab 2015) for field scale modelling. The SALTMED model is an integrated tool for 

water, land, crops, and N-fertilizers management available at the websites of ICID and Water4Crops. 

By linking models that describe water supply and demand from the agricultural, the ecological, the 

energy production and the municipal perspective we can gain insight into the interdependence and 

the trade-offs, needs and overlaps, and can attempt to minimize losses by identifying synergies. 

Areas where irrigation will make sustainable sense can then be identified more clearly, whereas 

those areas where water and energy demand will exceed the supply in the long run can be marked 

and alternative solutions sought (re-use of wastewater, de-salinization while using solar energy, 

etc.). Investments can then become much more targeted. 

5.1.3 Assessing the negative and positive environmental effects of irrigation, and the 

provision of ecosystem services 
Irrigation systems and related infrastructures closely interact with all three environmental elements 

(water, soil, air). Such interactions refer to direct environmental impacts (e.g. emissions, pollutions, 

salinization, and alkalization). They also interact with riparian ecosystem and regional areas (e.g. 

hosting or threatening biodiversity, mitigating or amplifying floods and recycling nutrients) and offer 

a number of services to local community and societies at large (e.g. micro climatic regulation, 

biomass production, specific products). Those interactions are referred to as 'ecosystem services'. 

Ecosystem services are defined as 'benefits people obtain from ecosystems. These include 

provisioning services such as food and water; regulating services such as flood and disease control; 

cultural services such as spiritual, recreational, and cultural benefits; and supporting services, such as 

nutrient cycling, that maintain the conditions for life on Earth.' (Millenium Ecosystem Assessment 

and World Resources Institute 2003). 

5.1.3.1 Understanding the negative impacts 

In some cases, human-built infrastructures can cause loss in biodiversity and degradation of 

ecosystem services, yet it often directly depends on ecosystem services to maintain performance 

(WWAP (World Water Assessment Programme) 2015). Multipurpose dams can prevent nutrients 



5.1 Considering Resources Beyond Water: Irrigation and Drainage Management in the Context of 
the Water–Energy–Food Nexus  pg.181 

 
 

and sediments from reaching oceans and alter the water cycle by increasing water 'residence time', 

altering the flow of matter, fish and energy in rivers which changes the conditions of these 

ecosystems entirely (WWAP (World Water Assessment Programme) 2015). This can have a direct 

and negative impact on other sectors such as downstream wetlands, fisheries and agriculture. At the 

same time, dams only work effectively when supported by healthy ecosystems in order to avoid 

clogging, siltation, pollution, floods. In other cases, irrigated agriculture has, to some extent, also 

been proven to result in positive environmental effects. In particular, field borders/hedges, marginal 

strips, canals, ditches, and reservoirs provide natural habitat for a variety of wildlife (Sojka, 

Bjorneberg, and Entry 2002). 

Loss of land productivity caused by soil salinization, alkalization, and water logging, as well as runoff 

contamination, riparian habitat impairment, and species losses, high methane emissions by paddy 

fields, are often cited by critics of irrigation as evidence of fundamental drawbacks to irrigated 

agriculture. Surveys have indicated that of the existing irrigated lands, some 40-50 million ha show 

measurable degradation from water logging, salinization, and alkalization (Sojka, Bjorneberg, and 

Entry 2002). Erosion and sedimentation of reservoirs and channels cause failures of ancient irrigation 

schemes and limit the life expectancy of some modern dams to only a few decades as well (Sojka, 

Bjorneberg, and Entry 2002). These problems demonstrate the need for intensified research and 

conservation, as well as improved dissemination and use of mitigating technologies. To support such 

actions, a wide range of methodologies are now available for assessing environmental impacts and 

quantifying ecosystem services in irrigation. 

The massive contribution of permanently-flooded paddy rice systems to climate change, through 

methane emissions, cannot be ignored (Thanawong, Perret, and Basset-Mens 2014). Research shows 

that water, energy and fertilizer management practices at plot level are key levers for improvement. 

They can be accurately assessed in an integrated manner using Life Cycle Assessment approaches, 

and subsequent eco-design approaches allow for testing alternative cropping systems which strongly 

reduces the negative impacts. 

5.1.3.2 Maximizing positive effects 

Such effects include the provision of multiple ecosystem services by irrigation and drainage systems, 

to serve societies at large, in many ways. Those services are increasingly recognized and assessed. 

First, such services may be of supporting nature since irrigation systems host wildlife (birds, fish, 

biodiversity), and recycle nutrients. Second, provisioning services include food production (crops, 

fish, and livestock), fodder, fuelwood, pharmaceutical plant resources. Third, irrigation systems 

regulate local climate, mitigate floods, and help purify water (regulating services). Fourth and finally, 

irrigation landscapes have socio-cultural and recreational values to many, including urbanites. These 

services have local, regional and global scope (e.g. when certain irrigation systems host endangered 

species or interact with climate). At the local level, the multi-functionality of irrigation systems is 

worth mentioning, as they provide livelihoods, domestic and logistical services to communities, 

besides food production (e.g. boating and transport, livestock watering, fishing, raw material 

collection, etc.). In South Africa, multi-functionality of small-scale gravity irrigation systems has been 

recognized and led to renewed, more inclusive and sustainable governance by local community, and 

ultimately to more efficient water uses (S. R. Perret 2002). 

Economic and financial instruments do exist to foster good practices and the provision of ecosystem 

services, in the form of compensations, taxes, subsidies, and the so-called payment for ecosystem 

services (PES): Ecosystem valuation can be broadly described as what users would be willing to pay 
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directly for the services, or what it would cost to replace the same services with built infrastructure 

(Boelee 2011). Such valuations can be incorporated into national income accounts or used to clarify 

comparative options in land use planning, payment for ecosystem services and common asset trusts 

(Costanza et al. 2014). Valuations help in building the case for a green economy in the post-2015 

development agenda. New contractual relationships between societies and irrigators may lead to 

payment for environmental services. Measures are already put in place in Thailand to compensate 

rice farmers for accepting additional water in their paddy fields for flood mitigation.  

5.1.4 The role of stakeholders in governing irrigation 
The role of stakeholders in governing irrigation, or in governing water management systems that 

includes drainage needed for water logging and salinity control is complex and will be different in 

each country. However, it is not so much that we need to describe the role of stakeholders in water 

management systems, but more importantly we need to find out what they consider that their role 

is, or should be, and should not be, then to foster the development of innovative, inclusive, 

participatory governing structures (S. Perret, Farolfi, and Hassan 2006). 

Examples of the complexity of the institutional arrangements for irrigation and drainage 

management were formulated when modernization of systems was considered. For instance the 

modernization of irrigation and drainage is a highly interdisciplinary matter with institutional and 

organizational aspects that require a number of prerequisites including: sustainable operation and 

maintenance of irrigation and drainage systems; certainties on water regulatory authorities, land 

priority questions, water rights and financing of operation and maintenance; certainty of roles 

responsibilities and requirement for sustainable Water Users Association (WUA); appropriate water 

accounting and auditing at various levels of irrigation and drainage systems; effective 

irrigation/drainage management transfers (IDMT), including legislation and institutional 

requirements; effective Public Private Partnerships (PPP) in irrigation and drainage implementation 

(S. Perret, Farolfi, and Hassan 2006). In order to start the process of stakeholder involvement, the 

following should be considered: 

• carry-out an assessment of existing institutional arrangements with all stakeholders; 

• ask stakeholders what needs to be established in order to become more involved (gap 

analysis); 

• identify the challenge & demand of the stakeholders; 

• identify the need for continuity of participation and support capacity building; 

• identify the need for political commitment, innovation and advocacy for involvement. 

A number of innovative methodologies and approaches exist and have proven very relevant in 

fostering local stakeholders' sustained commitment in governance, e.g. participatory modelling, role 

playing, and other games (S. Perret, Farolfi, and Hassan 2006; Barreteau, Farolfi, and Perret 2016). 

5.1.4.1 Active stakeholder involvement in policy and planning 

Engagement with policy and planning activities requires in most cases first a top-down approach 

whereby the powers in place show a willingness to involve their target population in decision 

making. Secondly the population also needs to show an interest in being involved in policy and 

planning. For this to happen, the state of development of the population needs to be assessed. The 

population includes farmers, the irrigators, the tertiary water management organisation such as 

Water User Associations, and all levels of government up to the minister. From this, a gap analysis 

can be performed, and a development plan initiated. 

In other words, as mentioned above, to achieve active stakeholder involvement a planned process 
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will need to be executed that involves: 

• assessment of state of institutional development at all levels; 

• needs assessment; 

• development Plan reflecting: 

o who you will engage with; 

o why you will engage them; 

o why they will want to engage with you; 

o how you will engage them; 

o when you will engage them, and how you will monitor and evaluate your engagement 

approach? 

5.1.4.2 Incentives 

The key for involvement of stakeholders in irrigation operation, management and maintenance 

(OMM) is the central question 'what is in it for me?' Incentives do not necessarily need to be 

economic in nature. They can be improvement in lifestyle, improvements in physical environment 

and in general improvement in social well-being. Hence, in order to involve stakeholders in irrigation 

and drainage management it is essential to find out first in what type of environment they operate 

and what their needs are, not just involvement in irrigation but considering all aspects of being a 

successful irrigator. All stakeholders from farmer to system operator to top level regional and 

national government staff need to have a clear understanding of the potential benefits of being 

involved and they need assurance that those benefits are sustainable. Stakeholder engagement is a 

planned process with the specific purpose of working across organisations, stakeholders and 

communities to shape the decisions and actions of the members of the community, the stakeholders 

and the organisations involved. Typical questions to be asked in planning for the involvement of 

water managers at all levels, including foremost farmers, are: 

• what issues do you face in being successful in your (water operation, management and 

maintenance) enterprise/organisation? 

• do you consider ecological aspects in your day-to-day operations? 

5.1.4.3 Capacity development 

Capacity development in water management is about teaching and training stakeholders in matters 

they should know to be able to distribute, use and dispose of water more effectively and efficiently 

at the lowest cost and least environmental adverse impact. Water management systems are 

essential in a Water-Energy-Food Nexus approach to food production that espouses the 

sustainability principle. Triple bottom line elements should be considered; i.e. environment, people 

and economics. Precursor to capacity development should be the needs assessment; what 

arrangements are already in place, and which are not. 

There are at least five integrated aspects that must be examined to assess the institutional 

arrangements of Irrigation and Drainage management. These are among others: Availability of 

'Human Resources' for conducting effective function of irrigation and drainage infrastructures; 

Effective 'Institution & Organization' to secure interagency working relationship; Availability of 

'appropriate technology' for sustainable O&M irrigation and drainage schemes; Sustainable 'budget 

allocation' for conducting effective O&M; Effective 'Regulatory Instrument' and Subsequent 

Enforcement. 

Questions to be considered include: 

• what is the level of current training and knowledge of the stakeholders; 
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• what capacity development tools are currently available; 

• what is the awareness of stakeholders of existing and new know-how in the field of water 

management. 

5.1.5 Conclusion 
The world is facing a number of challenges that include, doubling food production to feed a global 

population of 9 billion by 2050 with the same limited resources. The 30% of irrigated lands are 

degraded now, this will increase further; water use is expected to increase by 50% by 2050 (WWAP 

(World Water Assessment Programme) 2015); climate change predicted to increase vulnerability of 

the agriculture sector in most developing countries. The global demand for energy may increase by 

up to 40% by 2050; agriculture accounts for some 70% of the world's freshwater withdrawals for 

food, feed, fibre, and biofuels; energy production in some parts of the world accounts for up to 45% 

of all water withdrawals. In addition, the world has seen some new trends in food consumption such 

as: changing diets leading to increased water withdrawals, increased demand for out of season crops 

(e.g. melons, strawberries, etc.) with greater 'blue' water demand, and increased demand for biofuel 

crops (e.g. Brazil). Additional challenges for food production are noticed such as the competition 

between bio-fuel and food (e.g. Brazil), huge food waste up to 40%, slow introduction of affordable 

intensive and precision agriculture, reluctance in acceptance of biotechnology (e.g. development of 

weather proof, pest resistance and the use of non-conventional crops), and difficulty in coping with 

climate changes especially drought events (current example, East Africa famine in 2017).  

Satisfying these demands, while maintaining ecosystems, livelihoods, fisheries and biodiversity, is a 

challenge. Energy production carries a heavy water bill, associated with pumping, treatment and 

desalination of water. These challenges require science-based solutions. The key is to adopt an 

integrated approach that accounts for all factors affecting food production within the Water-Energy-

Food Nexus. The Nexus is vital as achieving water and food security for all in an increasingly water 

stressed world is intimately linked to energy security. Sustainable development can only be achieved 

with a holistic approach and with full stakeholder participation from the start to the end and from 

farmer to minister. 

Future increases in the current irrigated areas will very likely to come mainly from the development 

of supplemental irrigation in rain fed areas, from improvements in (1) water use efficiencies of the 

existing irrigation resources (e.g. precision irrigation/agriculture); (2) in the use of non-conventional 

water resources such as the reuse of municipal, industrial and agricultural wastewaters; (3) the 

integration of modelling across different disciplines to better plan irrigation schemes at various 

spatio-temporal scales. 

Balancing irrigation needs against environmental needs (e.g. maintain minimum environmental 

flows) can be challenging. A paradigm shift towards the multi-functionality of irrigation systems can 

help in overcoming the negative impacts of poorly managed schemes. Approaches that view 

irrigation and drainage structures as providers of payable ecosystem services can be embedded in 

the Water-Energy-Food Nexus, thus opening discussion about resources beyond just water. At the 

same time, strategies to avoid negative impacts such as over-abstraction of fresh water or 

salinization of soils need to be seriously considered, and mechanisms for discontinuing existing mal-

functioning systems be implemented. 

Stakeholder involvement and capacity development rather than infrastructure should be the central 

focus of successful management. Considerable attention must be paid to describing who should 

participate and how the stakeholder engagement best be conducted. Capacity development is an 

important aspect of stakeholder engagement but is only one element in a much more complex 
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process of stakeholder engagement. New in this engagement is the broadened scope when 

considering the Water-Energy-Food Nexus in relation with the ecology across the watershed. It is the 

integration of ecology, and consideration of the ecological water needs, both in terms of quantity 

and quality, in the whole resource management practice. 

The irrigation and drainage community has come a long way from designing large infrastructure 

projects to valuing eco-system services of irrigation schemes. Nonetheless, many questions about 

the integration of different resource needs and balancing the trade-offs remain open for innovation 

and creativity. 
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Abstract: 

Currently installed wastewater treatment systems in many developing countries are unsustainable, 

failing in either the social, economic or ecological dimension of sustainability. Nexus research looking 

at resources involved in wastewater treatment could support the transition towards more 

sustainable systems. Nexus thinking aims to overcome bio-physical systems thinking by including 

transdisciplinary research methods. Approaches for integrating results from different types of 

analysis and disciplinary backgrounds are scarce and have not been described extensively in nexus 

research. Transdisciplinary research suggests creating system, target and transformation knowledge 

as a common framework to describe meaningful transformations. Our goal is to show how a better 

understanding of the level of knowledge created by different types of analysis can pave the way 

towards integrating results for sustainability. In this article, three types of analysis, namely 

sustainability assessment, stakeholder perspective analysis and wickedness analysis, were applied in 

two pilot case wastewater treatment systems in Latin America. Through a three-step process, 

generated knowledge was assessed for each type of analysis individually while also highlighting 

synergies between them. The results demonstrate that structuring results by generated knowledge 

type can help combining outcomes in a meaningful manner. The findings show that technical flaws 

are present and fixable, and that issues relating to behaviours or values are more challenging to 

address but arguably more meaningful for systemic change. 

Keywords: sustainability assessment; wickedness analysis; stakeholder perspective analysis; nexus 

approach; co-design; transdisciplinary research 
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5.2.1 Introduction 
Approximately 80% of wastewater is returned to the environment without prior treatment, severely 

hampering the health of aquatic ecosystems (WWAP 2017). Thus, water management is not 

necessarily considered sustainable. Sustainability intends to simultaneously take into account and 

provide for the need of “striving for the maintenance of economic well-being, protection of the 

environment and prudent use of natural resources, and equitable social progress which recognises 

the just needs of all individuals, communities, and the environment” (Waas et al. 2011). Achieving 

sustainability is often referred to as accomplishing the ‘triple bottom line’ or serving ‘People, 

Prosperity, and Planet’. Sustainable Development intends “[…] to ensure that it [development] 

meets the needs of the present without compromising the ability of the future generations to meet 

their own needs” (WCED 1987; UN 1987). The 2030 Agenda for Sustainable Development can only 

be achieved if progress in all 17 goals and more than 230 targets is made in an integrated manner on 

all three aforementioned fronts of sustainability (UN Water 2016). Ensuring water security for all 

stakeholders, including the environment, is also a pre-requisite for conflict prevention and 

resolution. 

Achieving water security might, however, come at the expense of food or energy security (Schneider 

and Avellan 2019). To account for the need of balancing those potentially conflicting needs and 

pressures on resources and services the concept of the Water-Energy-Food (WEF) Nexus was 

proposed (Hoff 2011) and has since received much attention in the scientific and development 

realm. Nexus thinking aims at moving beyond the biophysical, environmental or technical 

understanding towards political and societal behaviours and needs (Stirling 2015). Nexus goals can 

differ but are often connected to an overall aim of advancing towards sustain-ability and sustainable 

development (Roidt and Avellán 2019; Bhaduri et al. 2015). Similar to integrated management 

approaches, nexus thinking is based on holism and systems thinking, necessitates interdisciplinary 

approaches and intends to foster participation and inclusion of stakeholders in decision-making 

(Roidt and Avellán 2019). Eventually all nexus efforts strive towards better decision-making for an 

enhanced state of sustainability. 

Sustainable wastewater management not only deals with wastewater but often with the impacts of 

the lack of wastewater treatment on freshwater and aquatic ecosystems or crops and soil 

ecosystems. Lower-income countries often require support in providing specific equipment or 

continuous electricity supply for the functioning of aeration systems or pumps of the wastewater 

treatment systems (Massoud, Tarhini, and Nasr 2009). They also require highly skilled personnel, 

often lacking outside of large urban agglomerations (UNESCO 2012). Liang and Yue (2021) reported 

that rural areas, especially, face several challenges to achieve sustainable wastewater treatment, 

especially struggling with financial sources that cover operation and maintenance costs and dealing 

with technical constrains regarding proper design and management practices that hamper the 

proper operation of the wastewater treatment plants. Therefore, currently installed wastewater 

treatment systems in developing countries do often not perform properly and can be perceived as 

not sustainable (Ballestero, Arroyo, and Mejía 2015; FAO 2017). Disciplinary approaches, e.g., from 

an engineering perspective, are not enough to grasp the difficult challenges of social and political 

realities, which often hamper a sustainable and sustained solution. Can wastewater systems be 

described and understood through the nexus lens? And if so, how can the nexus approach or related 

approaches help in finding solution pathways for sustainable wastewater systems? 

While water is part of the ‘original’ Water-Energy-Food Nexus, considerations of waste(-water) are 

particularly dominant in the Water-Soil-Waste Nexus (Hülsmann and Ardakanian 2014). Nexus 

thinking, in essence, intends to understand interlinkages across resources or sectors that involve 
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biophysical, social, economic and social aspects (Endo et al. 2015). A sector considers both the 

resource and the goods and services that are derived from it. For instance, the Water-Soil-Waste 

Nexus (WSW) focuses on resources (Hülsmann and Ardakanian 2014), whereas the Water-Energy-

Food Nexus (WEF) can be interpreted as focusing on the goods and services provided by these 

resources (Endo et al. 2015). Thus, the water sector comprises the interlinkages and management 

related to water resources as well as services of supplying water for human use (a good) or collecting 

and treating wastewater, as shown in Fehler! Verweisquelle konnte nicht gefunden werden.1. 

Additionally, since the issue of sustainable wastewater management often deals with the impacts of 

the lack of (adequate) wastewater treatment, interlinkages between wastewater management and 

water and crop management can be considered as further aspects for assessment. In that sense, 

seeing wastewater management through a nexus lens can open new perspectives in debates on how 

to achieve sustainability of wastewater treatment systems going beyond fine-tuning technical 

equipment of treatment facilities and entering the realm of ecological and social innovations. 

 

Figure 5.2.1: “Water” in the nexus can be considered a resource for consumption (i.e. for human use) or a sector producing 
goods and services (design from A. Müller). 

While a large effort has been put into ‘environmental’ sustainability in past decades, with relevant 

advances, focusing on and achieving gains in the realm of ‘social’ sustainability seems to be the new 

frontier. As such, research funding agencies in Europe have been paying great attention to achieving 

an impact or on-the-ground change. The European  nion’s  orizon Europe Programme, for instance, 

monitors its success against nine key performance indicators—three on scientific impact, three on 

societal impact, and three on technological/economic impact—clearly highlighting the importance of 

research findings to benefit society and the economy (‘ orizon Europe Programme Analysis’ n.d.). 

One way in which these impacts are thought to be achieved is through participatory research 

approaches such as transdisciplinarity, citizen science methods, or new democratic processes (de 

Vente et al. 2016; Blackstock, Kelly, and Horsey 2007). 

Knowledge production beyond system description is one of the key challenges of sustainability 

sciences (Brandt et al. 2013). Transdisciplinary (research) approaches can be considered as useful, 
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even if flawed, ways of obtaining solutions to real-world problems (Brandt et al. 2013). Albrecht, 

Crootof, and Scott (2018) in their assessment of nexus tools and methods call for more conscious 

stakeholder integration in nexus projects and the use of transdisciplinarity. Jacobi et al. (2022) call 

for the inclusion of non-academic actors from the project design stage on-wards to achieve 

meaningful knowledge generation and impact in sustainable development. Transdisciplinary 

approaches inherently go beyond the knowledge of one discipline and set a focus on different 

modes of perception and valuation by stakeholders, including those of researchers (Scholz and 

Steiner 2015). Brandt et al. (2013), based on ProClim (1997), refer to three levels of knowledge to be 

generated by and through stakeholders: “(i) “system knowledge” the observation of the system, (ii) 

“target knowledge” the knowledge of the desired target state, and (iii) “transformation knowledge” 

the knowledge necessary for fostering transformation processes.” 

To move beyond system knowledge, nexus thinking must make conscious and consistent use of 

transdisciplinarity as a concept and utilize its methodological toolbox for effective knowledge 

generation. Integrating and comparing findings from different disciplinary backgrounds are, 

however, challenging and make it difficult to provide cohesive recommendations to stakeholders 

(Scholz and Steiner 2015). To date, nexus research has not made use of these levels of knowledge 

generation, differentiated nexus findings into them or used this approach as a means of cohesively 

analysing findings from types of analysis of different disciplinary backgrounds. 

Based on the premises that (a) wastewater treatment can be considered a nexus problem, and (b) 

nexus issues need to be tackled through transdisciplinary types of analysis (the authors use the term 

’types of analysis’ throughout the text as an overarching, interdisciplinary term for methods, tools, 

and methodologies which, to different disciplines, have different meanings and may lead to 

confusion), we postulate that (i) knowledge from those analyses can be generated on all three of the 

aforementioned levels of knowledge; (ii) the approach of using levels of knowledge allows for 

collating research findings from different backgrounds, and (iii) collating those different knowledges 

provides pathways for systemic change towards sustainable wastewater treatment systems. 

The goal of this article is to develop and exemplify a framework for categorizing results obtained 

from transdisciplinary types of analysis into the three levels of knowledge for two treatment plants 

in the Americas. The current analysis used a wickedness analysis, a stakeholder perspective analysis, 

and a sustainability assessment. These types of analysis intend to represent various disciplinary 

backgrounds. This article does not focus on the in-depth description of the methods of the types of 

analysis (these are described elsewhere and referenced accordingly (see also Materials and Methods 

section)), but rather on the activities and respective results of these relevant to the levels of 

knowledge generation. 

The article first briefly describes the project background and the methods of the types of analysis 

used while focusing on how the different kinds of knowledge were generated. It then proceeds in 

presenting the kinds of knowledge generated for each level of knowledge and each type of analysis 

individually before collating the generated knowledge and deriving overarching pathways towards 

sustainable wastewater treatment for the cases. 

5.2.2 Material and Methods 

5.2.2.1 Background 

This research was carried out in the frame of the SludgeTec project, a multinational partnership 

between the  nited  ations  niversity’s Institute for Integrated Manage-ment of Material Fluxes 

and of Resources (UNU-FLORES), the Universidad de San Carlos de Guatemala (USAC), the Mexican 

Trust Fideicomiso de Infraestructura Ambiental de los Valles de Hidalgo (FIAVHI) in Tepeji, Mexico, 
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and the Technische Universität Dresden (TUD). The project aimed for international experts and local 

stakeholders to co-design solution options for sustainable wastewater treatment and management. 

The project ran from November 2017 to February 2019. 

The project team aimed to determine sustainable pathways for wastewater treatment in two 

treatment plants in Latin America: Los Cebollales in Panajachel, Guatemala and Tlaxinacalpan in 

Tepeji del Rio, Mexico. The pilot cases were chosen based on the needs and knowledge of the local 

project partners. The systems are very different in terms of technologies applied, size, operation, 

and local contexts, but are similar in the fact that their level of sustainability had not been assessed 

and was suspected to be poor. A brief description of each treatment plant can be found below for 

context; more in-depth descriptions can be found in (Avellán et al. 2019). 

Pilot Case 1: Panajachel, Guatemala. Los Cebollales is one of the two installed wastewater treatment 

plants in the municipality of Panajachel and treats 70% of the municipal wastewater. The city has 

little industry, but high affluence of tourists. The treat-ment comprises an activated sludge system 

with a design capacity of 37 litres per second. It was installed in 2012 and commenced operation in 

April 2013. One of the most crucial challenges is its poor performance regarding the removal of 

pathogens and nutrients. This is an urgent issue as the plant discharges into surface water bodies of 

economic, ecological, and touristic relevance (San Francisco River and Lake Atitlan). 

Pilot Case 2: Tepeji del Río, Mexico. The Tlaxinacalpan plant in Tepeji is composed of anaerobic 

biodigesters and constructed wetlands. It was installed in 2017 and commenced operation in 

February 2018. While the treatment plant was designed for a flow of 1.2 litres per second it was 

operating between 0.1 and 0.3 litres per second at the time of the assessment. The final effluent is 

reused for irrigation of the neighbouring soccer field. The Fideicomiso Infraestructura Ambiental de 

los Valles de Hidalgo Mexico (FIAVHI) has set up 14 such decentralised wastewater treatment plants 

(WWTP) in the past few years in the community of Tepeji del Río. 

Three types of analyses were applied in both cases, namely: wickedness analysis, stakeholder 

perspective analysis, sustainability assessment. 

Understanding the complexity or wickedness of real-world problems can help formulate strategies 

to address these problems more effectively (Kirschke, Zhang, and Meyer 2018; Alford and Head 

2017). This research unpacked the wickedness of a problem along the dimensions of (i) goal conflicts 

related to the problem area; (ii) system complexity, referring to the number of dynamic and inter-

connected factors, and (iii) informational uncertainty regarding these factors (Kirschke, Zhang, and 

Meyer 2018). This helped define generic policy targets for addressing these wicked problems and 

derive governance recommendations for achieving these policy targets. 

While most nexus research systematically calls for participation little guidance is provided about 

how to determine stakeholders and their relevance in the causes of the issues at hand or in their 

role to overcome these (Roidt and Avellán 2019). This work used a stepwise approach to 

understanding “who’s in and why” to get an overview of the stakeholder landscape and to provide a 

notion about their respective role towards the research question and amongst each other (Reed et 

al. 2009). This was accompanied by assessments to understand the stakeholders’ desire for their 

degree of involvement as well as their perception of the changes of their level of knowledge. 

When analysing the sustainability of a system, aspects relating to the environment, the economic, 

the social and the institutional context need to be taken into account (WWAP 2012; Saunders and 

Becker 2015). Assessments to determine the degree of sustainability of a current or future system 

are widespread and highly diverse (Pope, Annandale, and Morrison-Saunders 2004; Hacking and 
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Guthrie 2008; Pope et al. 2017). Methods to carry out these assessments range from Life-Cycle 

Assessments to multi-criteria analyses (Balkema et al. 2002; Toumi et al. 2016). However, 

sustainability assessment for wastewater treatment and management are rare and cannot be 

applied readily to specific cases (Benavides et al. 2019). Therefore, an iterative process for the 

construction of an assessment framework prefaced the actual sustainability assessment with an 

emphasis on including the views of stakeholders. The result was a multi-scalar, multi-dimensional 

assessment framework through which the degree of sustainability of a wastewater treatment plan 

was determined using a distance to target approach. 

While the wickedness analysis supports the determination of the complexity of the problem at hand, 

the stakeholder perspective analysis helps better understand the stakeholder landscape as well as 

perspectives on ideal conditions and how to achieve them. The sustainability assessment provides a 

snapshot view of the current sustainability of the wastewater treatments system and can help 

identify aspects that may need immediate fixing. All types of analysis contain both quantitative as 

well as qualitative results. 

These types of analysis were chosen based on the expertise of the research team and because they 

represent various disciplinary backgrounds. Certainly, other similar types of analysis that provide a 

combination of system, target and transformation knowledge on social, economic and 

environmental aspects of wastewater treatment systems can be used. Brief and succinct 

descriptions of the respective types of analysis are provided in the results section where the relevant 

activities and their results for knowledge generation are presented. In that sense, the methods of 

these types of analysis are not methods for the sake of this article but results. A comprehensive and 

detailed description of the methods for each type of analysis and their related case-study specific 

results can be found in Avellán et al. (2019), Benavides et al. (2019) and Kirschke et al. (Kirschke et 

al. 2022). In addition, a thorough description of conducting wickedness analyses in water-related 

contexts can be found in Kirschke et al. (2018). 
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5.2.2.2 Knowledge Generation Framework 

Sustainability sciences, including Nexus research, aim to achieve change through knowledge 

generation. How knowledge is obtained is diverse, but three levels of knowledge should come 

together to achieve meaningful transformation: (i) system knowledge, (ii) target knowledge, and (iii) 

transformation knowledge (Brandt et al. 2013). As such, ‘system knowledge’ lays the foundation 

about the current characteristics of the system including biophysical, social, economic, governance 

and other aspects. System knowledge defines the status quo. Target knowledge collates the 

stakeholders’ visions of future states. The pendant in modelling is often considered as scenario 

building. In the context of transdisciplinarity, this includes the individual, organizational and 

institutional abilities and constraints that may facilitate or hamper the achievement of the desired 

target; it defines the plausible futures. Transformation knowledge describes the possible pathways 

to go from the current system to one (or more) desired future(s). These pathways allow for the 

transformation of behaviours, norms and values, practices and habits that are needed to arrive at 

the new system, i.e., to obtain systemic change. 

As nexus research is embedded in sustainability sciences, the suggestion is to borrow an approach 

from sustainability science of portraying gained results through levels of knowledge generation. The 

expectation here is to provide a framework in which to cohesively represent findings no matter their 

disciplinary background. In this article, the aim is to extract knowledge across (a) each level of 

knowledge (system, target, transformation) and (b) for each type of analysis (here namely 

wickedness analysis, stakeholder perspective analysis, sustainability assessment) (see Figure 5.2.4). 

To achieve this, we pro-pose the following steps: 

From the applied types of analysis, we selected activities (e.g., workshop sections, surveys, 

numeric assessments) that are pertinent to the respective knowledge generation through an 

inductive approach and assigned their specific results to the ap-propriate knowledge level 

(see   
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(1) Table 5.2.1). A number of these activities are based on previously developed and applied 

methods and thus provide a high degree of replicability, e.g., available questionnaires, 

surveys, or assessments, which are conducive to the use of others. 

(2) Based on the results of the activities, we determined the kind of knowledge that was 

generated for each type of analysis individually, producing a total of nine knowledge items. 

These provide information about solution pathways from the perspective of each of the 

types of analysis. 

(3) We then collated those knowledge items for each level of knowledge looking for similarities 

and differences to derive overarching knowledge across all levels of knowledge and types of 

analyses. This combined knowledge provides information about solution pathways that all 

types of analysis have in common (reinforcing) or that may have different temporal or 

spatial dimensions between them (short-term vs. long-term). 

 

 

Figure 5.2.4: Each level of generated knowledge (system, target, and transformation) was assessed for each type of analysis 
(namely, sustainability assessment, stakeholder perspective analysis, wickedness analysis) individually and collectively 
resulting in possible transformation pathways. 

5.2.3 Results 

5.2.3.1 Step 1: Selecting for Activities for Knowledge Generation from Each Type of Analysis 
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Table 5.2.1 provides an overview of the selected activities (methods of the types of analysis) used to 

generate the different levels of knowledge (system, target and trans-formation) for each of the types 

of analyses applied in the cases as well as the respective result that was then used to determine if 

knowledge generation had occurred and, when possible, in which regard. The subsequent sections 

briefly describe these activities for each type of analysis in more detail. 
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Table 5.2.1. Overview of the activities used to generate different knowledge levels for each type of analysis and the 
respective result that was analysed to determine the knowledge generated. 

Knowledge Level 

Type of Analysis 

Wickedness Analysis 
(Kirschke et al. 2018 & 

Kirschke et al. 2022) 

Stakeholder Perspective 
Analysis 

(Avellán et al. 2019) 

Sustainability Assessment  
(Benavides et al. 2019) 

System  
(Current states) 

Activity: Three roundtable 
discussions using 
standardized questions with 
workshop participants at 
each pilot site. 

Activity: Deskwork-based 
stakeholder identification and 
broad characterization. 

Activity: Assessing which 
variables of the initial 
dataset were usable (and 
why) and sustainability 
assessment of each of the 
treatment systems. 

Result: Degree of 
wickedness describing the 
problem. 

Result: Overview of the current 
stakeholder landscape. 

Result: Use(fulness) of data 
and degree of 
sustainability of each of the 
wastewater treatment 
systems. 

Target  
(Future states) 

Activity: Literature analysis 
and three roundtable 
discussions using 
standardized questions with 
workshop participants at 
each pilot site.  

Activity: Stakeholders’ 
drawings of ideal states at 
workshops and expert surveys 
at each case study. 

Activity: Obtaining target 
values for the sustainability 
assessment based on 
literature and 
measurements at each site. 

Result: Policy type which is 
derived from the problem 
description. 

Result: Ideal technical-
environmental conditions and 
also political and social 
interactions & stakeholders 
that can drive change. 

Result: Target values for 
the used indicators. 

Transformation  
(Possible pathways) 

Activity: Literature analysis 
and three roundtable 
discussions using 
standardized questions with 
workshop participants at 
each pilot site.  

Activity: Assessing the 
stakeholders’ perception of 
uptake of knowledge after 
each of the five stakeholder 
workshops. 

Activity: Scrutinizing the 
detailed results of the 
sustainability assessment 
ex-post. 

Result: Stakeholders’ 
suggestions towards 
changes of policies and 
policy process. 

Result: Results of the 
workshop evaluation. 

Result: Identification of 
parts of the system that 
worked vs. those that did 
not. 

 

5.2.3.1.1 Determining Wickedness  

To gather information on the degree of wickedness, we conducted three roundtable discussions with 

workshop participants at each pilot site, in the assessment workshop in Tepeji in March 2017 (Caucci 

and Hettiarachchi 2017) and in Panajachel in March 2018 (UNU-FLORES 2018a). Each roundtable 

addressed one of the dimensions of wickedness (goal conflicts, system complexity, and uncertainty). 

The roundtable discussions were moderated, and guided by a tested wickedness questionnaire 

comprising three questions per dimension of wickedness, namely goal conflicts, system complexity, 

informational uncertainty (see S2 or see Supplementary Materials Annex 1 in (Kirschke, Zhang, and 

Meyer 2018) for an in-depth questionnaire). Results were reported at the workshops and further 

summarized and evaluated based on contrasting workshop results with methodologies to identify 

degrees of wickedness based on this questionnaire ((Kirschke et al. 2022)  and Supplementary 

Material Annex 2). The results of the wicked problem description served as a starting point to define 

policy targets and governance strategies to reduce distance to target based on literature in the field 

of wicked problems and the associated stakeholder analysis. 
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System knowledge for this type of analysis was gathered from the degree of wickedness determined 

by the stakeholders. Target knowledge was based on the problem description provided by the 

stakeholders and derived from the literature. Transformation knowledge was derived from actors’ 

suggestions towards changes, in particular with respect to actual policy content, but also regarding 

process towards policies. 

5.2.3.1.2 Understanding Stakeholders’ Perspectives   

The project heavily relied on stakeholder knowledge. To this end, five multi-stakeholder workshops 

(two opening, two closing, one technical) were carried out. The proceedings of each workshop 

provide an overview of the activities that were carried out. 

(a) Two opening workshops: “Wastewater irrigation in the Mezquital  alley, Mexico: Solving a 

century-old problem with the  exus Approach” in Tepeji, Mexico, from 1 –17 March 2017 

(Caucci and Hettiarachchi 2017) and “Sustainability of wastewater systems: current and 

future perspectives—an assessment workshop” in Panajachel, Guatemala, from 20–23 

March 2018 (UNU-FLORES 2018a). Through drawing sessions and structured group work, 

stakeholders described and analysed the several layers of the problem(s) induced by (un-

)sustainable wastewater treatment and management systems, as well as their vision of an 

ideal, sustainable situation including the actors that might be relevant for this (system and 

target knowledge). Multiple round-table discussions with different foci on each of the three 

types of analyses were conducted. The emphasis was laid on fostering a common 

understanding of the problem across all participants, including the multi-national research 

team, and to delineate the current state and the desired future target state(s) (target 

knowledge). Workshop activities and structure are described in detail in the workshop 

proceedings. 

(b) Two closing workshops: “Sustainability of Wastewater Systems” in Tepeji, Mexico, from 12–

16 November 2018 (UNU-FLORES 2018b) and “Sustainability of Wastewater Systems—

Presentation of Options” in Panajachel, Guatemala, from 2–4 July 2019 (UNU-FLORES 2019). 

At these workshops, the results of the research approach were presented to, and discussed 

with, the respective local stakeholder groups. The main aim was to provide a common 

understanding of the problem about the missing interlinkages and interconnections in the 

biophysical resource flow as well as in the information and interactions between 

stakeholders or stakeholder groups (system vs target knowledge), and to discuss and 

determine avenues of how to close those gaps (transformation knowledge). 

(c) A training workshop focusing on advancing the technical capacities to maintain and operate 

wastewater treatment plants was offered in Tepeji, Mexico from 13–18 Au-gust 2018 

(Training on “Basic Knowledge for the Operation and Maintenance of Wastewater 

Treatment Plants” 13–17 August 2018, Tepeji, Mexico). A specialized trainer from the 

Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall e.V. (DWA) held this 

training for 11 participants, mostly from Mexico. 

To generate system knowledge, stakeholder identification was carried out in both pilot sites through 

deskwork and on-site snowballing. Stakeholders were classified using analytical categorization (top-

down) where categories were defined by the researchers. This stakeholder identification and 

categorization provided an overview of the current stakeholder landscape. 

To produce target knowledge, various methods were used. An expert interview was set up to assess 

the stakeholder’s perspective about the wastewater treatment plant (Questionnaire in S1). In total 

17 interviews were carried out, 10 in Panajachel and 7 in Tepeji. Expert interviews were carried out 

in person in Spanish in July/August 2018 and entailed closed questions on a scale from 1 to 4 (1 = 
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low; 4 = high). Results were averaged by site. Moreover, drawing sessions of the initial workshops in 

each case study location offered insights into ideal technical-environmental conditions, as well as 

political and social interactions. Participants were asked, in three superimposable layers of 

transparent paper, to (a) draw an image of the current state, (b) provide ideas about possible 

changes and (c) indicate stakeholders that would be relevant in achieving sustainable conditions. 

To validate whether it was possible to generate transformational knowledge, the project activities 

were continuously evaluated. To this end, the results of the evaluation of the five multi-stakeholder 

workshops were analysed. A survey consisting of roughly a dozen questions were handed out to the 

workshop participants at the end of each workshop (each survey contained a sub-set of questions 

that was specific to the workshop content and others that were asked consistently across all 

workshops; Questions and answers in S4). The questions were scaled, with 1 presenting the lowest 

satisfaction and 5 being the highest. The answers were systematized, and the quantitative data was 

analysed by using the average value of 2.5. 

5.2.3.1.3 Assessing Sustainability  

An extensive exercise of designing and setting up a framework of relevant data for a sustainability 

assessment of wastewater treatment systems on multiple scales was carried out. This resulted in an 

extended dataset framework of roughly 500 variables distributed along four dimensions (context 

data, technical-environmental data, social-economic data and multiscalar-social data) and on four 

levels (plant, municipality, sub-catchment, catchment; see the full extended dataset framework in 

Annex 1 of Avellán et al. 2019 or SM1 of Benavides et al. 2019). The multi-scalar systems were 

defined as suggested by Avellán et al. (2017) while being conscious that these may not take all social 

system boundaries into account. Site-specific data sets were created through a set of criteria 

including stakeholders’ opinions. These criteria were: (1) stakeholders choose the variable during 

one of the workshops, and the literature on wastewater management confirms its relevance, (2) 

locally applicable regulations call for the variable. The sustainability assessment was performed on a 

subset of those variables of the site-specific dataset which presented both a value for the current 

situation (e.g., pH of effluent water) as well as a threshold value to compare it to (e.g., stipulated pH 

threshold value as per local/national/international norm). 

The sustainability assessment looked at the degree of sustainability across, but also within, each of 

the dimensions of sustainability, namely, technical, environmental, eco-nomic, and social. For this, 

the project team used a simple traffic-light system that evaluated the distance from a set threshold 

to the actual variable value following Bertanza et al. (2016). A categorisation of ‘red’ clearly 

indicated that the treatment system was failing to be sustainable in that particular variable and 

dimension, while a ‘green’ showed compliance, and a ‘yellow’ indicated an intermediate state where 

improvements are needed. 

System knowledge was derived on the one hand from the use(fulness) of data and, on the other 

hand, from the actual result of the sustainability assessment, i.e., the degree of sustainability of each 

of the wastewater treatment systems. Target knowledge was assessed through the determination of 

target values for the used indicators. Transformation knowledge was determined by analysing the 

parts of the system that worked (high measures of the sustainability i.e., ‘green’) and those that did 

not (i.e., ‘red’) and deriving recommendations for change.  

5.2.3.2 Step 2: Generating Knowledge for Each Type of Level and Each Type of Analysis  

In general, the problem at the pilot site in Guatemala revolved largely around sustainable 

wastewater management, concerning the resources of water and waste and the sectors of water 

and recreation/tourism. The resources were interlinked through the negative impact of the 
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insufficient treatment system on surface water quality of the receiving river and lake. The sectors 

were interlinked through the impact of insufficient treatment on drinking water quality and of 

polluted receiving water on bathing water quality and its general appearance for recreational 

purposes (e.g., algal blooms). 

In Mexico the problem was defined more specifically on the safe use of wastewater in agriculture 

since the wastewater treatment system was designed for reuse purposes. The interlinked resources 

were water, soil and waste, as the application of insufficiently treated wastewater can have negative 

impacts on soil health but also on surface and sub-surface water. The sectors involved related to 

water, agriculture and health, as the farm workers can fall sick from poorly treated wastewater for 

irrigation purposes when handling crops or produce. Similarly, the soil health can be negatively 

affected by salinization and heavy metal accumulation which, in turn, affects agricultural production. 

5.2.3.2.1 System Knowledge 

The current state of the system was characterized by a high degree of wickedness, a diverse 

stakeholder landscape, and an uneven distribution of the number of variables across dimensions and 

scales for the sustainability assessment, with a low to medium degree of sustainability. 

The results of the roundtable discussions at the workshop on wickedness showed that in both cases 

the current system view of the problem is highly wicked based on mostly high levels of wickedness in 

each of the three dimensions (goal conflicts, system complexity, informational uncertainty; see Table 

5.2.2 and respective questions in S2). Aspects of diverging interests of stakeholders, a high number 

of dynamic and interconnected social and natural aspects, and a lack of data and information 

(sharing) strongly influence the wickedness of the problem. The respective arguments are driven by 

internal (e.g., local information flows) and external factors (e.g., climate change or an increasing 

number of tourists). While both cases show similar patterns, Panajachel shows stronger information 

deficits, emphasizing limited sharing or use of given information. 
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Table 5.2.2. Degree of wickedness in each of the three dimensions of wickedness in each case with brief descriptions of what 
constitutes the degree (based on Workshop Report 1 (Caucci and Hettiarachchi 2017) and 2 (UNU-FLORES 2018a)). 

Dimensions of 

Wickedness 
Panajachel Tepeji 

Goal conflicts 

High 

There is a joint interest in achieving good freshwater 

quality. However, there are conflicts on a social, 

economic, technical, and institutional level that hinder 

the achievement of good water quality, including 

disagreement of the population with the use of treated 

wastewater, limited capacity to pay for treatment 

technologies, a lack of skilled personnel, and low 

coordination leading to a duplication of functions of 

individual institutions. 

High 

Actors share common interests when it 

comes to the prioritisation of economic 

aspects. However, there also exist conflicts 

of interest as some actors are interested in 

the reuse of wastewater whereas others 

have concerns about reusing wastewater, 

such as for the irrigation of crops. 

Concerns are mostly put forward by 

farmers, consumers, and the health sector, 

emphasizing a lack of trust, limited 

knowledge, and particular concerns 

regarding the possibility of epidemics. 

System Complexity 

High 

The problem is influenced by many factors, amongst 

them natural factors (e.g., the specific topography, 

climate) and social factors (e.g., responsibilities of 

governments, the level of education, interests of 

indigenous communities, associations, tourist 

organisations, and three governmental levels). Factors 

influencing the solution to the problem are also subject 

to dynamic processes such as changing temperature, 

demographic development and related social and 

political conditions, and an increasing number of 

tourists in the region. These factors are also highly 

interconnected, e.g., as political decisions influence the 

number or demographic developments or tourism on 

site.  

High 

The problem is influenced by a large 

number of factors such as the many actors 

involved, their different educational 

backgrounds and interests, the 

management of wastewater reuse 

practices, geographical location, the lack 

of alternative options for the use of 

untreated wastewater, and framework 

conditions. Factors influencing the 

application of safe wastewater reuse in 

agriculture are also subject to dynamic 

processes, such as population growth and 

the quick turnover of politicians. Further, 

interconnections between factors (e.g., 

between crop type, irrigation techniques, 

and ownership of land) hinder changes in 

agricultural practices or policies.  

Informational 

Uncertainty 

High 

While there are data and information at hand, they are 

sometimes dispersed across different institutions. 

Moreover, information on natural and social factors are 

lacking, including the quantity and quality of water, 

precipitation, temperature, soil types and topography, 

existing forests, the number of inhabitants and future 

demographic developments, evaluations of economic, 

social, and environmental benefits, and typical uses of 

water, operational instructions, among others. 

Obtaining data and information is hindered by lack of 

planning capacities, methodologies, and the willingness 

to collect and share information. 

Medium 

There is a certain lack of information on 

the part of both government and local 

communities, e.g., in terms of social 

benefits, wastewater outflow quality, the 

benefits of wastewater treatment, and 

costs. However, the case is mainly defined 

by limited sharing of information, e.g., 

with respect to the risks connected to 

untreated wastewater practices and safe 

reuse of treated wastewater in agriculture 

in respective studies. At the same time, 

the available information is not used by 

the relevant actors due to language issues 

or lacking specificity. Nevertheless, it 

appears that the dissemination of relevant 

information among stakeholders seems to 

be feasible through relevant governmental 

offices, among local experts, and official 

documents.  
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To understand the system from a stakeholder perspective, stakeholder identification and rough 

stakeholder characterization were used. In the case of Panajachel, 62 stakeholders were identified 

and clustered in 13 stakeholder groups. A similar but much smaller stakeholder landscape resulted 

for Tepeji, where 17 stakeholders and 10 stakeholder groups were identified (see Table 5.2.3). 

Stakeholder groups were, for instance, the municipality, wastewater treatment plant operators and 

managers, non-governmental associations and community groups, or local, national or regional 

decision-making entities (see Avellán et al. 2019 for a more detailed overview of stakeholders). For 

the Guatemalan case, prominent stakeholder groups were highly local including the municipality, 

national decision makers, community associations/NGOs/community representatives, and other 

non-classified stakeholders. For the Mexican case, the municipality played a major role, followed by 

stakeholders of the wastewater treatment system (managers and operators) and the local 

community and their representatives. 

Table 5.2.3. Overview of the number of stakeholders and stakeholder categories for each of the cases. 

 Panajachel Tepeji 

Number of stakeholders 62 17 

Number of stakeholder categories 13 10 

In terms of system knowledge, the sustainability assessment provided two kinds of information (a) 

data availability, and (b) the state of sustainability of the systems. Data availability was an issue. Out 

of the ~500 variables in the extended data framework 218 site-specific variables were pre-selected 

through desk work and stakeholder consultations for Panajachel, and 195 for Tepeji (see   



5.2 Co-generating knowledge in nexus research for sustainable wastewater management  pg.203 

 
 

Table 5.2.4). While data may have been selected as important by stakeholders and/or the literature, 

not all data items were actually available or found when seeking them (e.g., water quality data of 

plastic pollution was deemed as important, but no testing had been done so no data were available). 

In addition, for data to be used for the evaluation, threshold values to compare field data had to be 

available (e.g., from national or local norms or decrees on water quality). 
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Table 5.2.4. System knowledge. Overview of data items selected, found and used (based on Table 4, 5, 6 and 7 of Benavides 
et al. 2019. Only variables from the wastewater treatment plant (WWTP) scale were considered for further assessment 
(grey shaded areas); * context information was not used for the sustainability assessment. 

Subset Description Scales 

Extended 

Dataset 

Framework 

Number of Data 

Items Selected 

Number of Data 

Items Found 

Number of Data 

Items Used 

Panajachel Tepeji Panajachel Tepeji Panajachel Tepeji 

Dataset 0—

Context 

indicators 

Understanding 

of context: 

geographical 

location and 

characteristics, 

poverty, and 

employment 

indicators 

1 WWTP 7 1 3   * * 

2 Municipal 18 0 3     

3 Subcatchment 13 0 4     

4 Watershed 12 0 5     

Total 50 1 15 1 10 - - 

Data set I -

Technical—

Environmental. 

Technical and 

environmental 

variables (e.g., 

population 

served, 

chemical 

parameters of 

water bodies 

and of 

effluents, 

WWTP 

management) 

1 WWTP 211 98 107     

2 Municipal 31 15 15     

3 Subcatchment 70 55 15     

4 Watershed 68 18 18     

Total 380 186 155 88 93 52 48 

Dataset II—

Socio—

Economical  

Economic, 

financial, 

budget 

variables. 

Dataset IIb 

useful to 

understand 

the social 

acceptance of 

the system 

  

1 WWTP 16 8 7     

2 Municipal 17 8 5     

3 Subcatchment 7 0 0     

4 Watershed 12 5 3     

Social space 

(cross-scale) 
10 10 10     

Total 62 31 25 23 18 10 7 

    Overall Total 492 218 195 112 121 62 55 

The complex set-up of multiple scales on the one hand (wastewater treatment plant, municipal, sub-

catchment, municipal), and several dimensions of sustainability on the other hand (technical-

environmental and socio-economic) proved challenging to comply with. As such, the technical-

environmental dataset contained the highest number of variables selected, found and used, 

resulting in roughly five times more variables used here versus those from the socio-economic 

dataset. In terms of scales, that of the treatment plant claimed the highest number of variables and 

was the one pursued further for the assessment. For the sustainability assessment, 51% of the site-

specific variables could be used for Panajachel, and 62% for Tepeji. While it may appear 
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disheartening that such few data could be found and used, co-created system knowledge about 

available data, threshold values and missing information now exists in the form of site-specific data 

sets for each case (see Appendix A and B of Benavides et al., 2019 for the site-specific data sets and 

Appendix F and G of  for the data values of the indicators used in the sustainability assessment). 

As for the level of sustainability, neither of the systems was fully sustainable. In Panajachel, the 

score was roughly above the lowest limit (red category), implying an overall low to medium 

sustainability (see Table 5.2.5). In Tepeji, a medium to good performance in the available dimensions 

was observed. However, the sustainability assessment is incomplete as the economic dimension 

could not be evaluated due to missing data. 

Table 5.2.5. System and Target knowledge. Sustainability assessment results using a distance-to-target approach for 
Panajachel and Tepeji. Adapted from Benavides et al. 2019. 

Dimension 

Dimension Average * 

Panajachel Tepeji 

Value Level Value Level 

Technical-Environmental (TE) −0.08 Y 0.38 G 

Economic (Ec)  −1.00 R ND ND 

Social (S) 0.29 Y 0.14 Y 

Average −0.26 Y ND ND 

* Following Bertanza et al. (2016). R: Red; Y: Yellow; G: Green; ND: No Data. 

5.2.3.2.2 Target Knowledge 

How to set target values or determine good target state differs according to the type of analysis 

employed. Keeping this in mind can be critical for cross-disciplinary understanding amongst 

researchers, the transfer of the results to stakeholders, and the discussion and implications of these 

results with them. 

The wickedness analysis showed that reducing high degrees of goal conflict, system complexity and 

information uncertainty would be the target state at policy level. The stakeholder perspective 

analysis indicated the target state was the empowerment to co-decide. For the sustainability 

assessment a fully sustainable treatment system was the overall target state, i.e., a high degree of 

sustainability (green) in all three dimensions. 

The wickedness analysis derived targets for addressing wicked problems based on the problem 

descriptions provided by the stakeholders ( 

 

Table 5.2.6). Targets refer here to the design and implementation of policies aimed at the resolution 

of problems along the three dimensions of wickedness. For goal conflicts, both cases target 

coherence through the resolution of conflicting interests between different stakeholders (Nilsson et 

al. 2012). Addressing system complexity aims at delivering comprehensive policies that take into the 

account the complexity of social-ecological systems (Kirschke et al. 2019). Information uncertainty 

traditionally calls for adaptable policies and special mechanisms for regulating data collection and 

sharing (Rogge, Rogge, and Reichardt 2016). While both cases show similar targets, the respective 

policies should consider the specificities of the pilot cases. 
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Table 5.2.6. Policy characteristics for addressing the three dimensions of wickedness. 

Dimensions of 

Wickedness 
Panajachel Tepeji 

Goal conflicts 

Design and implement coherent policies that 

improve freshwater quality, while (i) making 

limited use of treated wastewater or (ii) 

accompanying its use with trust-building 

measures, financial mechanisms to increase the 

population’s capacity to pay for treatment 

technologies, financial support for addressing a 

lack of skilled personnel, and improved 

coordination amongst institutions 

Design and implement coherent policies that 

improve the economic dimensions of sustainability 

while (i) limiting the reuse of wastewater or (ii) 

addressing concerns about the reuse of wastewater 

through trust-building measures, information 

campaigns, explicitly including measures against 

epidemics. 

System Complexity 

Design and implement comprehensive policies 

that take the features of dynamic complex 

social-ecological systems into account, with 

special emphasis on the multitude of natural and 

social factors specific to the region, such as 

dynamics of tourism and demographic 

developments.  

Design and implement comprehensive policies that 

take the features of dynamic complex social-

ecological systems into account, with special 

emphasis on the multitude of natural and social 

factors specific to the problem, such as the crop 

type, irrigation techniques, and land ownership. 

Informational 

Uncertainty 

Design and implement policies that include 

adaptation mechanisms to account for new data 

and information at hand, that (i) increase the 

capacity of institutions to collect data and 

information, and (ii) regulate or set incentives 

for information flows between key institutions.  

Design and implement policies that (i) regulate or 

incentivize information flows between different 

institutions and stakeholders including associated 

risks and an appropriate level of language and 

specificity, and (ii) that can be adapted in case of 

new information. 

Setting target states across different stakeholder groups is important to obtain clarity of direction. 

The target state to be achieved through the project was that of a sustainable wastewater treatment 

and management system. In the context of the stakeholder perspective analysis, visioning exercises 

in the assessment workshops (Caucci and Hettiarachchi 2017; UNU-FLORES 2018a) (e.g., through 

drawings) allowed the stakeholders to describe their desired technical-environmental target states. 

These ranged from safe use of wastewater in agriculture, to reduced pollution loads of the receiving 

waters, to inclusive and participatory solid and liquid waste management. 

The drawings also provided information about the stakeholders’ perspectives about (a) which 

stakeholders are relevant to the issues at hand, and (b) how these stakeholders should interact with 

each other. Figure 5.2.5 shows examples of drawings from Panajachel featuring both public entities 

and citizens as relevant stakeholders. 
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Figure 5.2.5: Example of drawings from stakeholders of the treatment plant in Panajachel depicting their perception of the 
issue and potential actors that could help achieve a more sustainable situation. 

The answers to the questionnaire (see Questions in S1) indicate the perception of stakeholders 

about their view on how stakeholders should, or could, be involved in solving the issues (  
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Table 5.2.7 full list of responses in S3). In general, awareness of the problem and the degree of 

participation was perceived to be higher and more favourable in Panajachel (4 and 3.6, resp. out of a 

max. of 4) than in Tepeji (3.6 and 3.3, resp.). Social acceptance was very low in both cases, but 

particularly low in Panajachel (1.2 vs. 2.6 in Tepeji). Respondents of both cases were highly 

interested in being part of the decision-making process (4.0 and 3.9 resp.) but felt that their 

recommendations had only obtained medium attention (2.2 and 3.0 resp.), decision-making was not 

always being done in a co-design manner (3.2 and 3.1 resp.) and publicly available information was 

perceived as low (2.4 and 1.9 resp.). Increased social acceptance can be considered a desired target 

state by the stakeholders, which could be achieved through increased participation in decision-

making processes. These, seemingly, should follow a co-design approach, providing avenues to 

stakeholders to obtain the relevant information and provide recommendations. 
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Table 5.2.7. Summary information about the mean scores of the responses to the survey questions about the awareness, 
perception, and social acceptance of the issues. 

  Panajachel* (n = 10) Tepeji * (n = 7) 

1. Awareness of the problem  

1.1 How interested are you in the problems related to wastewater 

management in your region? 
4.0 3.7 

1.2 How aware are you of the problems related to wastewater 

management in your region? 
4.0 3.6 

2. Participation  

2.1. Information sharing   

2.1.1. How often have you tried to access certain 

information regarding problems related to waste water 

management in your region? 

3.6 3.3 

2.1.2. How much information is publicly available on 

wastewater management problems in your region?  
2.4 1.9 

2.2. Recommendation  

2.2.1. How many possibilities are there to give 

recommendations regarding wastewater management 

problems in your region? 

3.4 2.7 

2.2.2. Have your recommendations been taking into 

consideration? 
2.2 3.0 

2.3. Decision-making 

2.3.1. How interested have you been in being part of 

the decision-making process?  
4.0 3.9 

2.3.2. To what extent have decisions been taken in a 

co-decision-making process regarding wastewater 

management problems in your region? 

3.2 3.1 

3. Social Acceptance 

3.1 How satisfied are you with the current wastewater management 

in your region?   
1.2 2.6 

3.2 How satisfied are the citizens with the wastewater management 

in the region?  
1.3 1.6 

* Mean score (1 = low; 4 = high). 

For the sustainability assessment, defining target states for the variables is crucial. Although a 

qualitative change was sometimes possible (e.g., increase/decrease), obtaining an actual (numerical) 

data value for each site-specific variable was not. Data quality, the lack of applicable standards, and 

thresholds reduced the number of variables with which a sustainability assessment could be 

performed (see Table 4). The lack of data led to abandoning the multi-scalar approach by focusing 

mostly on variables for the scale of the wastewater treatment plant. In both cases, a heavy slant 

towards variables of the technical-environmental dimension (such as water quality variables) 

occurred, as data for them was more readily available and with the highest robustness and 

reliability. Overall, carrying out the sustainability assessment relied on both system and target 

knowledge. The generation of this knowledge built on the data and information provided by all 

stakeholders, including their preferences of variables and acceptable thresholds. 

5.2.3.2.3 Transformation Knowledge 

Transformation knowledge allows determination of pathways towards systemic change intending to 

arrive at a (more) sustainable state. Results here refer to changes in habits (e.g., data collection and 

information sharing across (more) diverse actor groups), values and norms (e.g., co-decision making 
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of non-political actors is considered important), or behaviours (e.g., acting within their local abilities 

instead of waiting for external aid). These alterations may not feel intuitive, obvious, clear, or 

achievable. Such changes are challenging but are intended to be long-lived. They are needed in 

addition to short-term changes that support immediate relief to the obvious problem, i.e., the 

technical malfunctioning of the treatment system. 

In terms of wickedness analysis, the question is how governance can support the design of 

coherent, comprehensive, and adaptable policies to account for the conflicts, complexities, and 

uncertainties of the given case. The project team derived general recommendations for actions to 

address wicked problems, as provided in the literature on wicked problems (Duit and Galaz 2008; 

Kirschke and Newig 2017) taking into account the suggestions of stakeholders during the workshops 

(see Table 5.2.8). Research mainly focuses on collaborative governance approaches, including the 

involvement of different types of actors (e.g., scientists, politicians, technicians) and different forms 

of interactions (e.g., deliberating, negotiating). However, these strategies are intense in time and 

capacity, and may reduce the capacity for adaptive decision-making. Collaborative governance 

approaches (and their drawbacks for policymaking and implementation) apply to both cases. 

Table 5.2.8. Forms of collaborative governance for addressing the three dimensions of wickedness. 

Dimensions of 

Wickedness 
Panajachel Tepeji 

Goal conflicts 

Collaborative governance approaches to address 

goal conflicts, including (i) the involvement of the 

key opponents (here representatives of the 

population and public authorities) and (ii) 

negotiations combined with deliberations as a 

dominant form of interaction. 

Collaborative governance approaches 

to address goal conflicts, including (i) 

the involvement of the key opponents 

(here representatives of the proposers 

of the use of wastewater in agriculture 

as well as farmers, consumers, and the 

health sector) and (ii) negotiations 

combined with deliberations as a 

dominant form of interaction. 

System 

Complexity 

Collaborative governance approaches to address 

goal conflicts, including (i) the involvement of 

scientists to model system complexity, and (ii) 

deliberation as a dominant form of interaction to 

design and adjust the system according to new 

knowledge. 

Collaborative governance approaches 

to address goal conflicts, including (i) 

the involvement of scientists to model 

system complexity, and (ii) deliberation 

as a dominant form of interaction to 

design and adjust the system according 

to new knowledge. 

Informational 

Uncertainty 

Collaborative governance approaches to address 

goal conflicts, including (i) the involvement of data 

and information holders from the public, private, 

and civil society sector and (ii) deliberation as a 

dominant form of interaction. 

Collaborative governance approaches 

to address goal conflicts, including (i) 

the involvement of data and 

information holders from the public, 

private, and civil society sector, in 

particular the different institutional 

information holders, and (ii) 

deliberation as a dominant form of 

interaction.  

Stakeholder perspective analysis was possible through the project activities (multi-stakeholder 

workshops and a technical training) which facilitated knowledge generation between the project 

team and the local stakeholders, as well as amongst the local stakeholders. The project activities 

focused on (1) a common understanding of the problem (e.g., quality of the effluent, pollution load 
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on the environment, legal aspects), (2) providing information about potential technical 

improvements (e.g., other forms of sewage treatment, consequence of wastewater (re-)use) to then 

(3) jointly developing pathways for solutions that can be implemented. The knowledge generation 

process was validated based on evaluations of the project activities (see Table 5.2.9; full raw data 

results in S4). The results show that the workshops demonstrated a high satisfaction rate (above 3.9 

out of 5) across all types of activities and cases. The satisfaction rate was noticeably high for the 

technical training highlighting the importance of conveying knowledge about technical 

improvements. 

Table 5.2.9. Overview of the results of the evaluation of project activities (WS- Workshop; 1—workshop towards the 
beginning of the project; 2—workshop towards the end of the project). 

Question 
WS1 Panajachel 

(n = 14) 

WS1 Tepeji  

(n = 14) 

WS2 Panajachel 

(n = 39) 

WS2 Tepeji  

(n = 17) 

Technical Training  

(n = 10) 

What is your overall 

assessment of the 

workshop?  

4.7 4.7 3.9 4.6 4.8 

How do you assess the 

organization of the event? 
4.8 4.8 4.0 4.5 4.9 

How do you rate the 

balance of presentations 

and breakout sessions? 

4.6 4.6 3.9 4.5 4.7 

How do you rate the 

quality of the 

presentations? 

4.9 4.6 3.9 4.8 4.9 

How do you rate the 

quality of the 

breakout/discussion 

sessions? 

4.8 4.5 4.0 4.7 4.7 

How do you rate the 

quality of the interactive 

sessions? 

n/a n/a n/a n/a 4.9 

Did the workshop help you 

in understanding the nexus 

approach? 

4.4 4.7 n/a 4.6 n/a 

Did the workshop help you 

in understanding the 

sustainability of current 

solutions? 

n/a n/a n/a 4.6 n/a 

Did the workshop help you 

in understanding the 

complexity of the problem? 

4.8 4.8 n/a 4.7 n/a 

Did the workshop help you 

in understanding the 

stakeholder network? 

n/a n/a n/a 4.8 n/a 

Did the workshop help you 

in identifying sustainable 

management options for 

wastewater and sludge? 

4.6 4.6 n/a 4.3 4.9 

Did the workshop help you 

in identifying how to 

implement the identified 

n/a n/a n/a 4.2 n/a 
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Question 
WS1 Panajachel 

(n = 14) 

WS1 Tepeji  

(n = 14) 

WS2 Panajachel 

(n = 39) 

WS2 Tepeji  

(n = 17) 

Technical Training  

(n = 10) 

solutions? 

Will you be able to use 

what you have learnt in 

your work? 

4.4 4.8 n/a 4.6 4.8 

Did the workshop help you 

in understanding the 

various treatment 

concepts? 

n/a n/a n/a n/a 5 

Did the workshop help you 

in understanding the 

complexity of the operation 

of several treatments of 

wastewater in a plant? 

n/a n/a n/a n/a 4.9 

Did the workshop help you 

in understanding the 

monitoring and 

documentation of the 

operation? 

n/a n/a n/a n/a 4.8 

Did the workshop help you 

in understanding the 

technologies of 

small/decentralized plants? 

n/a n/a n/a n/a 4.7 

Score meaning: 1 = low, 5 = high. 

The sustainability assessment allowed identification of critical variables that could be addressed. 

These included enhancing technical capacities of the treatment systems such as inoculating 

bioreactors or fixing the broken aeration systems to enhance the overall treatment efficiency and 

thus getting closer to or achieving compliance with local effluent norms. The assessment pointed to 

the lack of economic variables and thresholds that would allow for a robust assessment of the 

economic dimension of sustainability. Variables such as per capita cost of wastewater treatment, or 

proportion of costs: maintenance and repairs, can help judge the economic health of a treatment 

plant. 

5.2.3.3 Step 3: Collating Knowledge 

The working hypothesis introduced at the beginning of this article focused on three aspects: (a) 

system knowledge generation, (b) target and transformational knowledge generation, and (c) 

solution pathways. 

All three types of analysis generated system knowledge. The sustainability assessment identified 

and prioritized variables that best describe each of the treatment systems through their level of 

sustainability. The latter being the focus of the project, this type of analysis provides a centrepiece of 

knowledge. The stakeholder perspective analysis offered basic but important information about the 

number and types of stakeholder (groups) critical knowledge to allow for participation. The 

wickedness analysis portrayed the perceived challenges towards solving the problem. Together, 

these types of analysis showed that the systems were not sustainable, exhibited high levels of 

wickedness, would be challenging to find solutions for, and contained diverse stakeholder 

landscapes that may exhibit different needs. This level of knowledge provides temporary, snapshot-

like information—it offers no solutions. 
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The analysis also generated target and transformational knowledge. In fact, for both the 

sustainability assessment and the stakeholder perspective analysis, target knowledge was critical to 

determine system knowledge. Only by comparing the current system state with a desired 

ideal/target state could the assessments become meaningful. Sustainability assessment is 

dependent on threshold values which are defined by target situations. Obtaining actual values for 

these thresholds was a challenge and significantly hampered carrying out the sustainability 

assessment on multiple scales. This confirmed the high degree of wickedness determined in the 

system knowledge in the dimension of data uncertainty. The methods used to determine the desired 

targets of stakeholders with respect to their environmental views, and also about whom they would 

like to see involved and how, were telling. The drawings provided idealized views with less pollution 

and more pollution control carried out both by political entities and the local citizens. The answers 

to the questionnaire indicate the desire to be empowered towards decision-making while 

highlighting the lack of (access to) information relating to the treatment plant and its environmental 

effects. Coherent policies that set clear pollution thresholds, and also institutional capacities to 

enforce these, emanate from the sustainability assessment as well as from the results of the 

wickedness analysis. Therefore, the types of analysis reinforce each other around legal frameworks. 

Similarly, a lack of data and information, as well as access to these, is highlighted in all three types of 

analyses. Knowledge exchange amongst stakeholders and provision of (technical) knowledge is 

critical to establish knowledgeable stakeholders that can make informed decisions that are desired 

and needed. 

The three types of analysis provided solution pathways to overcome the non-sustainable situation 

detected, which mostly stemmed from the information drawn from the transformation knowledge. 

Each type of analysis individually offered certain recommendations for actions. The results of the 

sustainability assessment suggest fixing mainly technical aspects of the treatment plants. However, 

even though these technicalities can temporarily increase the sustainability at a next ‘snapshot’ 

assessment, these may not be of long duration. The lack of data in the economic (and to some 

degree in the social) dimension significantly hampers the ability of this type of analysis to offer long-

term, systemic change recommendations. The recommendation here is thus the collection of those 

data items (as well as those in the technical-environmental dimension) to be able to gain a better 

understanding of the effects of those aspects on the sustainability of the system. 

The stakeholder perspective analysis indicates the desire for more information in general, and 

technical information about the treatment system and its performance and environmental effects, in 

particular. Technical trainings at various levels of depth could enhance capacities of technical 

personnel in treatment plants or the respective personnel in the municipalities and oversight 

entities. Awareness-raising campaigns, but also openly accessible data observatories for the general 

public, could boost basic knowledge of citizens and develop their capacities to intervene. The 

wickedness analysis recommends interventions of (specific) stakeholder groups to design coherent, 

comprehensive, and adaptable policies. The stakeholder perspective analysis indicates that 

viewpoints from citizens or citizen-led groups should not be ignored. Therefore, these two types of 

analysis define a pathway towards systemic change by increasing the knowledge level of 

stakeholders on technical aspects around wastewater treatment and its environmental effects to 

make more informed decisions when designing policies. Conversely these policies can enhance the 

performance of the sustainability assessment by making more threshold values available and allow 

for more and broader monitoring –including citizen-led monitoring and data observatories—making 

its results more meaningful in the long run. 
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Overall, system knowledge was created individually, but also collectively, from these three types of 

analysis, providing a snapshot of the current situation (Table 5.2.10). In addition, resulting target and 

transformation knowledge provided both immediate recommendations to improve the sustainability 

of each of the treatment systems, but also recommendations for systemic change to improve 

sustainability in the long run. The interplay between the types of analysis is exciting, as each offers 

an element for recommendation, but only through the collation of the results can a meaningful long-

term recommendation be made. 
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Table 5.2.10. Summary of the main levels of knowledge generated by each type of analysis. 

Type of Analysis vs. 

Knowledge Generated 
Wickedness Analysis 

Stakeholder Perspective 

Analysis 
Sustainability Assessment Collated Knowledge by Knowledge Level 

System knowledge 
High degree of wickedness 

in all three dimensions 
Diverse stakeholder landscape 

Lack of data and sustainability of 

the system  

Non-sustainable highly wicked systems with diverse 

stakeholder landscapes 

Target knowledge 

Address wicked problems 

through coherent, 

comprehensive, and 

adaptable policies 

Allow and provide for the 

inclusion of stakeholders’ views 

in decision-making processes in 

a transparent and open manner 

Set threshold values to assess 

sustainability against 

Obtain threshold values from policies which have 

been decided upon through stakeholder 

involvement 

Transformation 

knowledge 

Involvement of specific 

types of stakeholders, 

interaction through 

deliberation (negotiation) 

Make use of activities that focus 

on increasing knowledge about 

specific aspects such as 

technical trainings and the 

exchange of local information 

and knowledge 

Fix case-specific technical 

aspects, collect more robust 

(economic) data 

Focus on activities that enhance the respective 

stakeholder’s knowledge to allow for more informed 

decision-making 

Collated knowledge by 

analysis type 

The degree of wickedness 

is high in both cases and 

across its three 

dimensions. Wicked 

problems should be 

addressed through 

coherent, comprehensive, 

and adaptable policies that 

have been deliberated 

upon with specific 

stakeholders. 

The stakeholder landscape is 

diverse, and stakeholders 

request their views to be 

included in decision-making 

processes. For this, they desire 

more and better information 

(flows) in general and on 

technical aspects in particular to 

be able to better make 

decisions. 

Systems are not sustainable and 

can be improved by fixing 

technical aspects. Sustainability 

assessment itself is faulty due to 

the lack of (access to) variable 

and threshold value data. Data 

collection efforts may be most 

relevant for economic data 

values. 

Recommendation for immediate improvement of 

performance of treatment systems --- Fix technical 

issues. 

Recommendations for systemic change for long-

term improvement of the sustainability of treatment 

systems: 

- Enhance knowledge of stakeholders 

through (technical) trainings and multi-

stakeholder activities 

- Establish an expanded database 

- Empower stakeholders to make informed 

decisions and to shape policies 
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5.2.4 Discussion 
This article presents and exemplifies a framework for extracting and combining knowledge of three 

transdisciplinary types of analysis. The aim here was to provide a means of integrating results from 

types of analysis from different disciplinary backgrounds which may offer pathways on the nexus 

issue of moving towards sustainable wastewater treatment systems. We propose here a three-step 

process whereby one: (1) selects for activities in each of the types of analysis that generate system, 

target and transformation knowledge, (2) matches the results from those activities to the knowledge 

type, and then (3) analyses the knowledge generated for each type of analysis, as well as across 

them. 

These three types of analysis proved that non-model methods can furnish system knowledge and 

provide information about interlinkages. The underlying conceptual system description for the 

sustainability assessment as presented in Benavides et al. (2019) is very close to system 

representations such as causal loop diagrams that support the visualization of interlinkages between 

system elements. The drawings used, mostly to derive target knowledge for the stakeholder 

perspective analysis, are simplified versions of system representations showing interlinkages not 

only of the bio-physical aspects but also about the human interactions within these, thus moving 

towards more comprehensive system representations (e.g., (Benavides et al. 2019), (Liu et al. 2007), 

(Scholz 2011)). In addition, findings suggest that consciously applying transdisciplinary research 

principles that explicitly target all three areas of knowledge generation are critical to overcome the 

status of simply describing the system and moving towards solution pathways. In terms of specific 

results for the particular cases of the two treatment systems assessed here in Mexico and 

Guatemala, each type of analysis provided system, target, and transformation knowledge. While 

system knowledge showed a snapshot of the situation, the other two levels of knowledge offered 

insights into solution pathways towards sustainability. While each type of analysis indicated 

particular elements of the situation (high degree of wickedness, diverse stakeholder landscape, lack 

of economic data) as well as for solution pathways (involvement of certain stakeholders, increasing 

technical knowledge, fixing technical problems), collating the results offered meaningful 

perspectives highlighting reinforcing elements (e.g., improved information flows, specific targeting 

of stakeholders for deliberations on policies, focused data collection efforts to strengthen 

sustainability determination). At the same time, the results also highlighted very different aspects 

(stakeholders, data, policy process). 

While the applied types of analysis used here are certainly no panacea, their use led to effective on-

site decision-making. Once presented with the results of the types of analysis, stakeholders decided 

to act upon the findings by (a) holding their local politicians accountable, (b) launching awareness 

raising and environmental education campaigns, and (c) organizing follow-up events taking further 

stakeholders into account. Long-term impact analyses only can show if systemic changes were 

achieved. 

This study also showed that lack of data hinders demonstrating a holistic picture of sustainability, 

and that considering aspects such as stakeholder perception and how to shape policies in the face of 

wicked problems, can effectively show longer-term pathways towards systemic change and 

sustainable solution options. This is key, since a large focus of the nexus research community has 

been on better understanding interlinkages in bio-physical systems with little social or behavioural 

information. Numerical model outputs are often hampered by lack of data (Albrecht, Crootof, and 

Scott 2018). It may therefore be advisable to move beyond the improvement of numerical models 

that focus on increasingly interlinked systems understanding towards the co-production of 

knowledge with tools that provide information on (1) all three levels of knowledge, (2) within 
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different stakeholder groups—project team, case study stakeholders, others, and (3) making use of 

diverse data sets (Figure 5.2.6). 

 

Figure 5.2.6: Representation of the different levels of knowledge, and knowledge sharing for collective and comprehensive 
knowledge generation. 

Methodologically, the selection of activities to determine the level of knowledge was carried out ex-

post. Nonetheless, this work now provides a set of consistent activities for some of the elements of 

knowledge generation, such as questionnaires for the generation of all levels of knowledge for 

wickedness analysis, questions for the generation of transformation knowledge for stakeholder 

perspectives, and a comprehensive indicator set to choose from for the generation of system 

knowledge for sustainability assessment (see methods description in   
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Table 5.2.1 and the full set of questions of the respective questionnaires and surveys in S1-S4). These 

consolidated methods can be applied in other cases and be developed further and refined. 

We are also conscious of the fact that the current selection of types of analysis may not be 

comprehensive and sufficient to cover all aspects needed to provide the ‘right’ pathways towards 

sustainability. Some recommendations when choosing types of analysis for knowledge generation 

from this work are that: 

• they be conducive to generate knowledge of all levels—system, target and transformation 

(i.e., models that only describe the current system may not generate other knowledge 

types), 

• a conscious selection and design of activities be carried out with a view to generating one or 

more knowledge type to be able to extract the findings easily (i.e., setting clear aims), and 

• the types of analysis be complementary to each other in covering different geographic 

boundaries and scales, and elements of the human-environment system (i.e., assessing 

more than the bio-physical interlinkages of resources). 

We also see value in collating knowledge in a participatory manner, which we leave here as a 

recommendation for future projects. Reflecting collectively with the stakeholders on the individual 

finding of each type of analysis and considering overlaps and differences as a group might have 

unearthed further aspects or provided different insights. We also acknowledge that we did not 

follow a systematic process to collate the knowledge other than logically linking the outputs of the 

three analyses. Future work could focus on developing structured steps to collate knowledge (e.g., 

use of same terms in the concluding remarks of each analysis, looking for causality, verification of 

drivers across the three analyses). Overall, this work does provide a structured approach of 

extracting generated knowledge from activities of any applied type of analysis and collating this to 

provide pathways for systemic change. 

5.2.5 Conclusions 
Wastewater treatment systems, when designed and operated in a sustainable manner, can be 

pathways for sustainability. By reducing pollution loads and providing for resource reuse (be it water 

for irrigation, energy production from biogas or direct combustion, soil amendments from sludge 

and other solid organic bio-products) wastewater treatment systems can be useful elements of 

sustainable development (Avellán and Gremillion 2019; Ferrans et al. 2020). For this paradigm shift 

from a linear input-output system to a sustainable circular system to happen, we must start viewing 

wastewater treatment plants as systems that are not solely technical but as systems that embed 

themselves in the human-environment system (Masi, Rizzo, and Regelsberger 2017). To be able to 

comprehend the elements that this new, broader system view of wastewater treatment systems 

entails other, more comprehensive and non-technical types of analysis. 

Using nexus thinking to address wastewater treatment systems offers a more holistic view and 

suggests using types of analysis from different disciplinary backgrounds. However, comparing the 

results from these and providing cohesive and integrated recommendations for stakeholders to take 

up is challenging. Using the framing of results through the levels of knowledge generation may offer 

a way forward for the nexus community in general and the wastewater community, in particular. 

Based on the findings of this research, moving forward in sustainable wastewater treatments 

systems it is recommended to: 

• use types of analysis beyond technical assessments and from various disciplinary 

backgrounds to determine the state of affairs; 
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• design the activities used in the types of analysis in a manner that allows for knowledge 

generation and its extraction/representation; 

• work in a participatory way to co-create knowledge across all stakeholders including the 

project team. 

While this may be time-consuming, it may ultimately be a useful investment and provide more 

sustainable infrastructure which, in turn, may lead to more sustainable systems. This may require a 

new set of engineers that expand their technical skills with social assets; a task that may also need to 

be taken up in higher education. 
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6 Lessons learned and outlook 
Can the world be put on track with water? 

The international community is for sure calling for a stronger focus on water; its calling for 

multiplying investments in water infrastructure, for new financing mechanisms from public-private-

partnerships to water funds, for technological adaptations including the use of nature-based 

solutions, and many more. Ensuring water security for the current and future generation of humans 

and ecosystems alike is critical. Water is a finite albeit renewable resource. Water security is linked 

and entangled with energy and food security which in turn are strongly influenced by conditions of 

climate change and demographic change. The Global Agenda 2030 on Sustainable Development 

mandates to find sustainable pathways towards those securities in a locally adapted manner.  

Wastewater can play a role in securing water for all and thus be a piece in the puzzle towards 

sustainability. However, for this to become a reality, wastewater treatment itself must be made 

sustainable.  

How we view wastewater and its treatment must undergo systemic 

change to provide a chance for sustainable water management and water 

security. 

The research presented here picked up current research trends and tried to show how academic 

knowledge may help in achieving on the ground changes. As such it demonstrated that circular use 

of wastewater and elements associated to its treatment can help reduce pressure on freshwater and 

energy sources and provide elements towards sustainability, but it is not an automatism. And the 

nexus view can help – but it needs to move out of its data-intense modelling corner striving for 

certainty within a highly uncertain system and move into the messy sphere of understanding people 

and their behaviours. 

However, for systemic change to happen. I believe that the knowledge transferred to students, in 

particular those in engineering, needs to move away from designing and perfectioning 

infrastructural pieces in isolation and move towards co-creation of locally adapted and tailored 

systems that are useful and useable in their specific social, economic and environmental context. For 

this to happen, future engineers must be trained in inter- and transdisciplinary skills that are 

currently lacking in higher education curricula.  

Figure 6.1 provides an overview of the lessons learned from the collation of the works.
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Figure 6.1: Overview of lessons learned 
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6.1 Increased circularity does not equate in increased sustainability. 
The nexus debate, while seemingly dispersed at times, has had a particular focus on irrigation with 

wastewater as one specific mean of achieving a triple win in all areas. Wastewater is considered as 

an ideal vehicle to support the growing demand for irrigation water on the one hand and fertilizer on 

the other (also known as ‘fertigation’) (WWAP 2017; Hettiarachchi and Ardakanian 2018). The 

composition of domestic wastewater with its abundance in organic matter and nitrogen and 

phosphorus make it a valuable supply for agricultural crops (Gremillion and Avellán 2016). Humans 

produce about 4.5 kg nitrogen and 0.6 kg phosphorus per person per year (Mateo-Sagasta, Raschid-

Sally, and Thebo 2015). At the same time, the production of fertilizer is an energy intensive business 

(Ramírez and Worrell 2006), and so is pumping of irrigation water from groundwater or surface 

water sources (Hendrickson and Bruguera 2018; Qiu et al. 2018; Sishodia et al. 2017). Hence, using 

wastewater to overcome water shortages for irrigation purposes in particular in water scarce areas 

is being seen as a practical and useful measure of circular resource use towards sustainability 

(Avellán et al. 2018). 

As an example, Gadédjisso-Tossou et al. (2019) showed in a field experiment in the water-scarce 

area of northern Togo that deficit irrigation made a second growing season of the staple crop of 

maize possible in the dry season. Traditionally crops are solely grown in the rainy season and 

irrigation practices are uncommon (Gadédjisso-Tossou, Avellán, and Schütze 2018). Modelling 

experience and pilot implementation show the potentials for deficit irrigation in Sub-Saharan Africa, 

but the main hurdle remains in the capacity of local institutions and farmers to obtain, maintain and 

use these sophisticated methods (Gadédjisso-Tossou, Avellán, and Schütze 2020). Questions such as 

the construction of rainwater harvesting reservoirs that store excess rainwater in the rainy season in 

a manner that is useable and useful for irrigation in the dry season are practical problems that 

require investments. Issues of habits of farmers in adopting new approaches require awareness 

raising, education and champions. 

The experience in Togo also shows the limits of the use of unconventional water sources such as 

wastewater use. In the dry season all wastewater simply evaporates and is not available in liquid 

form. Thus, wastewater use as a means of overcoming the risk of water scarcity may not always be 

an option (Müller, Avellán, and Schanze 2020). 

Lesson Learned 1:  

Even though the use of treated wastewater for fertigation purposes is 

considered a step towards increased sustainability it alone is not enough to 

achieve water security. 

Treatment is critical for the use of novel irrigation practices from wastewater. Conventional 

wastewater treatment systems as commonly used in cities and urban centres consume, however, 

large amounts of energy (Avellan, Ardakanian, and Gremillion 2017; Avellán and Gremillion 2019) 

and dispose of the treated water into surrounding areas, often water bodies. Of course, there are 

exceptional examples of treatment plants in which sludge is digested and the produced biogas is 

used for energy production. As such, for instance the treatment plant of Dresden Kaditz, produces 

up to 80% of its energy use through the digestion of sludge and the combustion of the produced 

biogas (‘ nsere Anlagen’ n.d.). 

Designing and operating treatment plants in a manner that allow for resource use efficiency through 

circularity may thus provide avenues for enhanced sustainability. Kristensen and Mosgaard (2020) 



pg.228  CHAPTER 6 

 

provide a useful overview of indicators to characterize circular economy measures and distilled a set 

that align with sustainability principles so as to start allowing convergence of these two agendas. 

Avellán et al. (2021) assessed to which degree the indicators used in the sustainability assessment of 

the wastewater treatment plants studied in the SludgeTec project included measures of circularity. 

Whereas in the case of Guatemala the relevant indicators referred to the use of sludge, in the case 

of Mexico indicators referring to the use of treated wastewater for irrigation were present. While 

indicators were present their influence on the overall assessment of sustainability was negligible – in 

the case of Guatemala 2 out of 62 indicators could be classified as relevant for circularity, in the case 

of Mexico it was 1 out of 55.  

Lesson Learned 2: 

For circularity to really make an impact towards sustainability a paradigm 

shift in how wastewater treatment systems are conceived, designed and 

also financed needs to occur to allow for more circularity across the various 

elements that wastewater can offer.     

Constructed wetlands hold potential to increase circularity by providing additional co-benefits and 

thus support integration across nexus aspects that may lead to enhanced sustainability. Avellán and 

Gremillion (2019) showed that biomass production from a hypothetical constructed wetland of 200 

person equivalents (PE) in Sub-Saharan Africa could provide of up to 55% of the cooking fuel needs 

and thus save up to 12 ha of forested land since wood collection needs would be significantly 

reduced. In addition, between 64% and 76% of the influent water could be used for irrigation 

purposes based on a set of climate and operation assumptions.  In this setting of multiple use of the 

various resources a ‘nexus’ setting can be created as seen in Figure 6.2 (Gremillion and Avellán 

2016). 
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Figure 6.2: By introducing a constructed wetland system (and a biogas reactor) into a semi-urban or sub-urban setting 
resources can be optimally transferred and used thus achieving an approximation of a closed-loop circular economy system 
(from (Gremillion and Avellán 2016)) 

However, even though CW could serve these additional purposes and therefore lead towards 

increased circularity and potentially sustainability most systems, similarly to conventional systems, 

still support a linear approach (Masi, Rizzo, and Regelsberger 2017). One major hurdle in the 

implementation of CW per se is the lack of easy to use and comprehensive design guidelines that can 

be applied all over the planet (Nevado 2020). These guidelines depend to some degree on empirical 

evidence from existing systems to provide an answer on the needed size depending on inflow 

characteristics and existing outflow regulations (Nevado 2020).  

Lesson Learned 3: 

Current constructed wetland design guidelines and wastewater reuse 

 u                   m    b                  , m                 “    ”      

technology for uses beyond classic wastewater treatment (Zimmermann 

2018). 

6.2 Data scarcity hampers quantitative knowledge generation. 
Regardless of the importance of CWs, there is very little data available regarding the contribution of 

CW to wastewater treatment worldwide. The majority of the constructed wetlands systems studied 

in peer-reviewed journal articles were pilot-scale or lab-scale system often university owned or run 

for short times (Bui 2018; Balachandran, Sanjana et al. 2019). Real-life full systems operational 

beyond one year were studied more rarely. 

There are some efforts of regional collection of information into databases, e.g. in North America 

(NADB) and in several European countries (UK, Ireland, France, Germany, Denmark, Italy, etc.). 

However, there seems to be to date no global hub for the collection and analysis of the amount of 

wastewater being cleaned by constructed wetlands nor how they are performing. UNU FLORES had 
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initiated the development of CWetlands and produced a pilot version that was presented at the 

2018 World Water Week in Stockholm (Figure 6.3). The preliminary dataset consists of 68 peer-

reviewed publications describing 138 constructed wetlands in 27 countries (10 systems in 3 African 

countries, 48 systems in 9 Asian countries, 37 systems in 11 European countries, 2 systems in 2 

American countries, and 4 systems in 2 countries of Australia and Oceania). On a total area of 

496406 m2 these wetlands treat at least 10700m3 of wastewater per day (equivalent to the amount 

of wastewater produced in a medium sized city in a developed country). The overall characteristics 

of the dataset showed a large variety in the specifications of the systems. For instance, the surface 

area of each wetland varies from 0.6m² to 18361m², with most wetlands being medium-sized of 

around 1600m2. In terms of water quality some systems received very polluted inflows (COD 

maximum inflow = 54065 mg/L, TN maximum inflow = 4118 mg/L, TSS maximum inflow= 3650 mg/L) 

whereas others obtained almost no pollutant inflow (COD minimum inflow = 1.2 mg/L, TN minimum 

inflow = 0.2 mg/L, TSS minimum inflow = 0.5 mg/L). The efficiencies reached by the different systems 

were thus quite variable, with some systems achieving almost complete removal of certain 

pollutants, while other systems even added to the inflow pollutants (in particular nitrate). The 

ranges of efficiency also highlight that CWs can be a very good functioning alternative to 

conventional wastewater treatment technologies but have to be implemented carefully, as they 

might not reach satisfactory results for certain settings. The system will now be further developed 

through the ERA-Net-Lac Project ‘Towards the Constructed Wetlands Knowledge Platform for 

sustainable development’ led by the Leibniz  niversity  annover. 

 

Figure 6.3: View of the pilot version of the platform as presented in 2018 

Lesson Learned 4: 

Constructed Wetlands could increase sustainability of wastewater 

treatment systems by providing multiple resources for circular use. 

However, care has to be taken when designing these in regions beyond the 

global North where good empirical evidence is lacking that supports design 

calculations. Collection of good quality evidence on the long-term 

functioning of these systems in real-life settings in the global South is thus 

of particular importance to work towards sustainability. 

https://programme.worldwaterweek.org/event/7833-using-information-tools-on-multifunctional-nature-based-solutions-to-achieve-sdgs
https://www.era-learn.eu/network-information/networks/eranet-lac/3rd-multi-thematic-joint-call-2017-2018/towards-the-constructed-wetlands-knowledge-platform-for-sustainable-development
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The Water-Soil-Waste Nexus is particularly focused on increasing resource use efficiency and 

considers, unlike other nexus concepts, its components primarily as environmental resources rather 

than sectors (Avellán et al. 2017). By doing so, it intends, amongst other objectives, to disentangle 

the complexities of scales of analysis that are inherent when trying to understand simultaneously 

multiple biophysical systems as well as socio-economic or even political systems. Therefore for the 

Water-Soil-Waste Nexus, Avellán et al. (2017) defined the scales of analysis to be one where at least 

two of the resource systems overlapped, e.g. the hydrological catchment with the agricultural plot, 

or the wastewater stream with the hydrological catchment. The intention hereby is to create one 

overlapping geographical area in which benefits for using resources efficiently can become apparent 

as shown in the example of the wastewater use for agricultural irrigation in the Mezquital Valley, 

Mexico.  

Applying this in real case examples, however, proves challenging. The sustainability assessment for 

wastewater treatment systems developed by Benavides et al. (2019) included a multi-scalar 

parameter set that extended across the scale of the wastewater treatment plant, the municipality, 

the sub-catchment and the catchment. While for the participatory indicator selection process all 

scales were deemed of relevance, actual values could only be ascertained at the most limited scale – 

that of the wastewater treatment plant. In addition, indicators in the social and economic 

dimensions were hard to come by, and lack of information and co-decision-making power were seen 

as major stumbling blocks towards sustainable treatment systems by stakeholders.  

For the stakeholder analysis those bio-physical boundaries were of no relevance and stakeholder 

identification proceeded independently of those scales. The challenge lies in finding a common 

understanding across disciplines on the meaning of the boundaries and the research questions 

needed. As such the multi-scalar model applied in this project initially thought of finding 

stakeholders for each of the scales, similar to an agent-based modelling approach. However, this was 

found to be meaningless for the social spaces, and snowballing was deemed to be much more 

effective in determining stakeholders rather than artificially ploughing through bio-physical spaces.  

Lesson Learned 5: 

Bio-physical boundaries may not match social spaces. Data scarcity may 

make careful considerations of scales obsolete. 

Overall, advancing assessments about the sustainability of wastewater systems considering in 

particular issues of resource efficiency is critical in order to be able to objectively determine the 

usefulness of these measures. What comes across when performing these analyses is that technical 

improvements to increase resource use efficiency may be less important. Understanding and further 

developing methodologies to identify the social and economic dimensions of sustainability of 

wastewater systems and the role of resource efficiency within these are of more critical importance.  

In the multi-scale generic information pool of 500+ potential data items developed by Benavides et 

al. (2019) data from the three dimensions of sustainability were included: environmental, economic 

and social. For the two tested systems, one resulted in a medium degree of sustainability while the 

other could not be evaluated conclusively due to the lack of economic data. Increasing resource use 

efficiency through water reuse measures (as was the case in the example of the treatment plant in 

Mexico) did enhance the sustainability in the technical-environmental dimension (green as opposed 

to yellow in the other case). However, the overall sustainability depends also on parameters in the 

other dimensions of sustainability which were sometimes lacking. 
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Lessons Learned 6:  

Sustainability is assessed across three dimensions – environmental but also 

social and economic. Focusing on environmental resource use efficiency is 

not enough. Collecting data in the other two dimensions is critical to have 

a full picture.  

6.3 Moving from systems’ understanding to comprehensive knowledge generation 

for systemic change. 
Several studies have recently reviewed the kind of models that have or are being applied in Nexus 

research (Dai et al. 2018; Daher et al. 2017; Roidt 2017). They all come to similar conclusions that 

the vast majority of models used (a) are models that were developed to assess one particular aspect 

of the Nexus (e.g. Hydrus to assess water flows), (b) are not apt to represent the biophysical 

complexity of the Nexus interactions, (c) are failing to move beyond an improved level of 

‘understanding the  exus’. Making use of readily available types of analysis such as numerical 

models does imply in most cases that those have not been developed to represent a nexus mindset.  

Lesson learned 7:  

Knowledge must be produced beyond system level, and also include 

methods that can help derive target and transformation knowledge to 

achieve systemic change. 

In future nexus projects looking at sustainable wastewater (or not), I very much recommend to put 

an emphasis on the design and implementation of the co-production of knowledge (Figure 6.4) along 

the three kinds of knowledge described by Brandt et al. (2013), namely: system knowledge, target 

knowledge and transformation knowledge. This co-production needs to happen on an internal 

consortium level, since project partners come from various disciplines and do not ‘speak the same 

language’. This approach will be trialed in the Horizon2020 project NEXOGENESIS that started in 

September 2021. A task dedicated to the elaboration of a glossary of terms including their ontology 

is highly recommended. I would further stress the need for properly working with and through 

stakeholders following the guiding principle of good interactions by Reed et al. (2014), namely: (1) 

design, (2) represent, (3) engage, (4) impact, (5) reflect and sustain. Evaluating the overall success of 

the process by reflecting on the achievement of the project results in terms of outputs, outcomes 

and impacts may add further granularity to future Nexus research needs. 

https://nexogenesis.eu/
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Figure 6.4: Suggested overarching design of nexus (research) projects (from Avellán et al. 2022). 

6.4 Participation and inclusion of stakeholders is important and should not be an 

afterthought. 
The literature showed that increasing resource use efficiency and optimization were often seen as 

vehicles towards sustainability (Roidt and Avellán 2019). However, promoting more informed 

decision making and governance process, inter- and transdisciplinarity, and the participation and 

inclusion of stakeholders are high on the agenda (Roidt and Avellán 2019).  

Various United Nations entities have taken up the nexus concept and developed approaches and 

thought pieces on the implications of this new paradigm. As such UNECE (2018) used participatory 

nexus thinking to determine and highlight the benefits of cooperation in the Drina River Basin while 

looking at aspects of hydro dams for electricity production, expansion and type of farming, and the 

effects of solid waste and wastewater on the quality of surface waters. The FAO developed a three-

phased approach for national level nexus assessments with a comprehensive list of indicators in its 

annex and a methodology that is fully embedded in stakeholder participation (Flammini et al. 2014).  

Ultimately, the issue of the Nexus is more effective participation. The involvement of stakeholders is 

thought to facilitate both the generation of scientifically reliable and socially robust knowledge, 

including results that are better adapted to local needs, thus accepted, and also implemented 

(Walter et al. 2007; Wiek et al. 2014; Lang et al. 2012; Scholz and Steiner 2015; Blackstock, Kelly, and 

Horsey 2007). This, again, is deemed to result in an ecologically, economically, and socially 

sustainable management of complex socio-ecological problems such as the sustainable treatment of 

wastewater.  

While the research results may point towards certain actions, it is up to the local stakeholders to act 

upon the evidence in a locally adapted manner. It is therefore crucial to bring the results back to the 

localities, explain them and discuss their potential consequences with the stakeholders. For the 

researchers in turn, it is also critical to assess if their data, information and finding was understood 

and transferred effectively to the stakeholders.  
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However, while transdisciplinarity is strongly emphasized as a solution pathway towards a more 

sustainable state of affairs, it is also no panacea. The specific research problem and context is likely 

to be essential for the eventual design of the process, including the involvement of the right mix of 

actors, to different degrees, and with the relevant methods (Ostrom 2009; Pahl-Wostl et al. 2007).   

Lesson learned 8:  

Stakeholder engagement should have a clear aim. Stakeholders should be 

part of the project already in the project design phase. Stakeholder 

involvement should be thought of as an integral part of project design, 

execution and evaluation. 

Classic project management certifications and business administration include modules on 

stakeholders, their role, their value and their importance for project success. Many research calls at 

national, European and global level ask for the inclusion of stakeholders, actors, users or similarly. In 

Horizon 2020, one of the largest research funds globally, multi-actor approaches were of particular 

importance in agricultural and forestry calls (Defour 2017).  

As a result of these thoughts, a five-step stakeholder engagement process is currently being tested 

in the Horizon2020 project WATERAGRI (Figure 6.5). This process commences with the three-step 

stakeholder analysis as proposed by Reed et al. (2009). It then sets out to lay out the different 

methods in which stakeholder engagement can occur from information sharing through websites all 

the way to actions for empowerment for effective co-decision-making. In the stakeholder 

management step, actions are matched to stakeholder (groups) to allow for maximum engagement 

while avoiding stakeholder fatigue. The stakeholder sustainment focuses on actions that need to 

occur beyond the lifetime of the project to allow for long-term impact often neglected and hard to 

achieve in projects of a limited timeframe. And lastly, continuous monitoring and evaluation of the 

process intends to ensure adaptive management. 

 

 
 

Figure 6.5: Suggested 5-step process for stakeholder engagement for projects that also include an evaluation phase of the 
process. 

https://wateragri.eu/
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However, natural scientists and engineers, predominantly present in these proposals, have had little 

to no formal training in designing, executing or evaluating stakeholder engagement plans (Kirschke 

et al. 2016). And although the call for social scientists to be part of these projects is large, networks 

of these research groups rarely overlap thus hampering collaborations. And even in those far and 

few between instances in which interactions across natural and social scientists occur, these 

collaborations are hard and challenging.  

Why? Because we train these groups of researchers in very different manners. We literally speak 

different languages, conceive and write articles in different ways, structure conferences differently, 

and lay different emphases on what a successful project looks like (Podestá et al. 2013). And while 

this may be particularly striking in the research field, learning how to work inter- and 

transdiciplinarily is actually imperative for graduates that will go on to work in the public or private 

sector. They are the ones that have to design and execute the systemic change – be it sustainable 

wastewater treatment systems, farming, electricity or carbon systems. In the long run this can only 

be fixed in the way we train the current and future generation of graduates at our universities, 

research and higher education centres – be it scientists, public servants or project managers in the 

private sector.  

Lessons Learned 9:  

We must train our students in how to do inter- and transdisciplinary 

research and projects from the onset to achieve systemic change. 

I leave you with the following images of the final workshop we conducted in Panajachel, Guatemala 

in 2019 (Figure 6.6). 

    

  

Figure 6.6: Images of interactions with the 50+ stakeholders that came together for the workshop in Panajachel, Guatemala 
2-4 July 2019, to discuss the way forward of their wastewater problem 
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7 Supplemental Information (SI)/Supplemental Material (SM) 

7.1 SI for 4.1 ‘Assessing Sustainability of Wastewater Management Systems in a 

Multi-Scalar, Transdisciplinary Manner in Latin America’ 

Appendix A 
Prioritised (site-specific) dataset framework - Panajachel  

Total data items 218 

       
PS= Prioritised by stakeholders 

 

LI= Data Item comes from the literature 

RG= Included in Guatemala 

regulation 

 

RM= Included in Mexican regulation 

  
The numbers in the ID column refer to those of the extended set. 

DATASET 0 - Context data - WWTP Scale   

Category ID PS LI RG RM Data item  Item description Notes 

GEOGRAPHY A A0.003   1   Map 

Cartography at the 

adequate scale to 

understand the location 

of the plant in relation to 

nearest population 

settlement, water 

resources and other 

relevant features. 

All non-

domestic 

wastewater 

generators have 

to prepare a 

technical study 

including this 

item. Acuerdo 

Gubernativo 12-

2011, article 5 

and 6 

DATASET I.01 - Technical Environmental data - WWTP Scale  

Category ID PS LI RG RM Data item  Item description Notes 

GENERAL A A0.001 x x 1   
Technology 

used 

Technical procedure with 

which the plan treats 

wastewater. Note any 

relevant particularities. If 

needed, include a 

diagram of the process in 

an annex. 

All non-

domestic 

wastewater 

generators have 

to prepare a 

technical study 

including this 

item. Acuerdo 

Gubernativo 12-

2011, article 5 

and 6 

  A0.005 x x     
Number of 

people served   

INPUTS B B0.001 x x     Design inflow  Flow capacity that the 

plant was originally 

designed for. 

 

68 B0.002 x x     

Volume 

wastewater 

input 

Total volume of water 

entering the plant in the 

reporting year 

 

  B0.005 x x     

Average plant 

capacity 

utilization 

Percent of design 

capacity being used, on 

average, during the 

reporting year 

 



 

  B0.006 x x     
Volumetric 

Efficiency  

Total wastewater 

entering the plant 

/Treated Wastewater 

(100) 

 

Inflow quality 

parameters 
B1.001 x x     Temperature 

  

B1 B1.002 x x     BOD 
Biological Oxygen 

demand 

 

  B1.003 x x     COD 

Chemical oxygen demand 

 

Inflow Nutrients B1.004 x x     Total Nitrogen 
  

  B1.008 x x     
Total 

Phosphorus 

 

 

  B1.015  x     
Faecal 

coliforms 

 

 

Pathogens inflow B1.016  x     E.Coli 
 

 

  B1.021  x     TSS 

Total suspended solids 
 

  B1.023  x     pH  
 

 

Other inputs B2 B2.001 x x     
Raw materials 

used  

Raw materials as inputs 

necessary for the plant to 

function (e.g. machine 

oils, fuel, chemicals for 

the flocculation phase or 

other stages of the 

process, etc.), as well as 

office supplies and such.  

When data available is in 

other units, make sure to 

note so in the units 

column. Tonnes per year 

is a recommended unit.  

 

  B2.003 x x     
Total energy 

consumed 

Energy consumed in the 

reporting year, all energy 

carriers together and all 

energy uses considered.  

 

OUTPUTS C C0.001 x x     

Total volume 

Treated Water 

produced 

Total Outflow of 

wastewater from the 

plant, in yearly total 

average. 

 

  C1.001 x x 1 1 Temperature   

  C1.002 x x 1 1 BOD 
Biological Oxygen 

demand 

 

  C1.003 x x 1   COD 

Chemical oxygen demand 
 

  C1.004 x x 1 1 Total Nitrogen   

  C1.008 x x 1 1 
Total 

Phosphorus   

Pathogens in outflow C1.015 x x 1   
Faecal 

coliforms   



 

 
 

  C1.016 x x     E.coli   

  C1.017 x x     Helminths   

  C1.019 x x     Organic Matter   

  C1.021     1 
Sedimentable 

solids   

  C1.022 x x 1 1 TSS   

  C1.023 x x     Turbidity   

  C1.024 x x 1 1 pH    

 Metals, metalloids 

and trace elements 

in outflow 

C1.025 x x     Al   

  C1.026 x x 1 1 As   

  C1.027 x x     Cd   

  C1.028   1 1 Cyanide (CN)   

  C1.029 x x     Co   

  C1.030 x x 1 1 Cr   

  C1.031 x x 1 1 Cu   

  C1.032 x x     Fe   

  C1.033 x x     Mn   

  C1.034 x x 1 1 Ni   

  C1.035 x x     Ti   

  C1.036 x x 1 1 Zn   

  C1.037 x x 1 1 Hg   

  C1.038 x x 1 1 Pb   

  C1.039 x x     Se   

  C1.040 x x     B   

  C1.041 x x     Mo    

  C1.043 x  1 1 
Grease and 

oils   

  C1.044 x  1 1 Floating matter   

  C1.045   1   Colour   

Wastewater Reuse 

C2 
C2.001 x x     

Percentage of 

wastewater 

output being 

recycled or 

reused 

  

Sludge C3 C3.001 x x     

Total Sludge 

produced 

yearly 

Total amount of sludge 

produced in the reporting 

year. 

 

Sludge Quality 

parameters  
C3.002 x x     Al   



 

Metals, metalloids 

and trace elements 

in sludge 

C3.003 x x 1 1 As   

  C3.004 x x 1 1 Cd   

  C3.005 x x     Co   

  C3.006 x x 1 1 Cr   

  C3.007 x x 1 1 Cu   

  C3.008 x x     Fe   

  C3.009 x x     Mn   

  C3.010 x x 1 1 Ni   

  C3.011 x x     Ti   

  C3.012 x x 1 1 Zn   

  C3.013 x x 1 1 Hg   

  C3.014 x x 1 1 Pb   

  C3.015 x x     Se   

  C3.016 x x     B   

  C3.017 x x     Mo    

  C3.030 x x     Calorific value   

Pathogens in sludge C3.031 x x 1 1 Helminths   

  C3.032 x x 1 1 Total coliforms   

  C3.033 x x     E.coli   

  C3.034     1 Salmonella sp.   

Organics C3.035 x x     Organic Matter   

Sludge use C4 C4.001 x x     

Scope of 

sludge 

management 

% of sludge that is 

managed, including 

treatment in different 

ways, such as use in 

agriculture, thermal 

disposal, landfills, etc. As 

proposed by Popovic & 

Kraslawski (2018) 

 

  C4.002 x x     

Current 

use/managem

ent of sludge 

What is done with sludge 

once it is dried at the 

plant? 

 

  C4.004 x x     
Potential 

sludge users   

Emissions C5 C5.001 x x     
Total Biogas 

production 
How much biogas was 

produced in the reporting 

year? 

 



 

 
 

  C5.005 x x     
GHG 

emissions 

Can be divided into GHG 

emissions linked to plant 

operation and 

maintenance, and 

emissions produced by 

the wastewater itself. 

Specify and disclose 

method for Calculations 

performed in an annex. 

The online tool ECAM 

(wacclim.org/ecam) is an 

option for estimation.   

 

MANAGEMENT           

D2 
D0.001 x x     

Number of 

operators   

Staff D0 D0.003 x x     
Employee/inha

bitant ratio 
Number of employees per 

1,000 inhabitants served 

by the plant. 

 

Management D1 D1.001 x x     

Existence 

Operation 

manual 

Does a clear, up to date 

operations manual exist 

on site, and available to 

all people operating the 

plant? 

 

  D1.002 x x     
Regularity of 

maintenance   

Capacities D2 D2.001 x x     
Capacity 

sufficiency 

Does all the personnel 

involved have the 

knowledge and skills they 

need to have? 

 

  D2.003 x x     

Accessible 

sampling and 

processing 

equipment 

Does the plant have its 

own equipment or easy 

and hassle-free access to 

sample and analyse 

incoming wastewater, 

treated water and by-

products quality? 

 

Compliance and 

certification D3 
D3.001  x     

Discharge 

standards 

compliance  

Percent of time that the 

plant's outflow complies 

with applicable 

regulations. State the 

regulations are being 

considered. 

 

  D3.002  x   1 

Analysis 

frequency 

compliance 

Ratio of number of 

effluent samplings per 

month to  number of 

effluent sampling per 

month required by law of 

wastewater treatment 

policy (as proposed by 

Popovic & Kraslawski 

(2018) 

 



 

  D3.003 x      Certification 

Does the plant have some 

quality certification 

(ISO, or other 

national/international 

standards) 

 

RISK E1 E0.001  x     
Has a health risk assessment related to wastewater been 
performed at the site? 

  E0.002 x x     Are health risks being managed? 

Health E0 E0.003 x x     
Do the operators have the necessary health and safety 

equipment? 

  E1.001       
Has a natural hazard risk assessment been performed at 

the facility? 

  E1.002       Are natural hazard risks being managed? 

  E1.003       
Has an environmental impact study relating wastewater with 

ecosystem health been performed at the site? 

Other hazards E1 E1.004 x x     
What efforts are being made to reduce or manage 

environmental impacts? 

  E1.005 

  

    Presence or risk of groundwater pollution 

  E1.006 

  

    Presence or risk of surface water pollution 

DATASET IIA.01 -  Economic data - WWTP Scale  

Category ID PS LI     Data item  Item description Notes 

Costs A0 A0.002  x     
Cost per m3 of 

water treated Cost of producing one 

cubic meter of water  

  A0.003  x     

Cost per 

inhabitant 

served 
 

 

  A0.006 x x     

Proportion of 

costs: 

maintenance 

and repairs 

What proportion of the 

total expenses 

corresponds to energy? 
 

  A0.009       

Proportion of 

costs: training, 

capacity 

building 

What proportion of the 

total expenses 

corresponds to energy? 
 

Income A1 A1.001  x     
Total plant 

income 
Total income of the plant 

yearly. Specify currency 

used under 'units'  

  A1.002  x     

Real financial 

availability per 

inhabitant 

served 

 

 
  A1.003       Budget deficit  

 

  A1.006   x     
Valorisation of 

by products Are products of the plant 

being valorised (sold, 
  



 

 
 

recycled, etc.) 

DATASET IIB.01 - Social Acceptance - Multi-scalar   

Category ID PS IL     Data item  Item description Notes 

SOCIAL B B0.001 

  

    Personal interest in wastewater management problems 

Inclusion/Participat

ion 
B0.002 

  

    Personal awareness of wastewater management problems 

  B0.003 

  

    
Willingness to be informed about the wastewater 

management problems 

  B0.004 

  

    Accessibility to information 

  B0.005 

  

    Possibilities for providing a recommendation 

  B0.006 

  

    Recommendations are considered? 

  B0.007 

  

    Willingness to participate in decision-making 

  B0.008 

  

    Participative decision-making 

  B0.009 

  

    
Personal acceptance of the current wastewater 

management 

  B0.010 

  

    
Perception of social acceptance of the current wastewater 

management 

 

 

  



 

Appendix B 
 

Prioritised (site-specific) dataset framework - Tepeji  

Total data items 195 

 
PS= Prioritised by stakeholders LI= Data Item comes from the literature 

RG= Included in Guatemala regulation RM= Included in Mexican regulation 

The numbers in the ID column refer to those of the extended set. 

DATASET 0.1 - Context data - WWTP Scale   

Category ID PS LI RG RM Data item  Item description Notes 

GEOGRAPHY A A0.003   1   Map 

Cartography at the 

adequate scale to 

understand the 

location of the plant in 

relation to nearest 

population settlement, 

water resources and 

other relevant features. 

All non-

domestic 

wastewater 

generators have 

to prepare a 

technical study 

including this 

item. Acuerdo 

Gubernativo 12-

2011, article 5 

and 6 

  A0.006  x     
Land uses in 1 

km radius   

  A0.007  x     
Distance to 

nearest house   

DATASET I.01 - Technical Environmental data - WWTP Scale 

Category ID PS LI RG RM Data item  Item description Notes 

GENERAL A A0.001  x     
Technology 

used 

Technical procedure 

with which the plan 

treats wastewater. 

Note any relevant 

particularities. If 

needed, include a 

diagram of the process 

in an annex. 

All non-

domestic 

wastewater 

generators have 

to prepare a 

technical study 

including this 

item. Acuerdo 

Gubernativo 12-

2011, article 5 

and 6 

  A0.002  x     
Construction 

year 

Year of construction. 

When construction 

lasted more than one 

year, state ending year. 

 

  A0.005  x     
Number of 

people served   

INPUTS B B0.001  x     Design inflow  Flow capacity that the 

plant was originally 

designed for. 

 

  B0.002  x     

Volume 

wastewater 

input 
Total volume of water 

entering the plant in 

 



 

 
 

the reporting year 

Inflow B0 B0.003       
Average inflow 

(AF)  
Average flow (in a 

year) of wastewater 

into WWTP. 

 

  B0.005  x     

Average plant 

capacity 

utilization 

Percent of design 

capacity being used, on 

average, during the 

reporting year 

 

  B0.006  x     
Volumetric 

Efficiency  
Total incoming 

wastewater/total 

treated water 

 

Inflow quality 

parameters 
B1.001  x     Temperature 

  

B1 B1.002  x     BOD 
Biological oxygen 

demand 

 

  B1.003  x     COD 
Chemical oxygen 

demand 

 

Inflow Nutrients B1.004  x     Total Nitrogen 
  

  B1.008  x     
Total 

Phosphorus 

 

 

Salts inflow B1.009  x     K 
 

 

  B1.010  x     Ca  
 

 

  B1.011  x     Mg 
 

 

  B1.012  x     Na 
 

 

  B1.014  x     
Electric 

conductivity 

Useful when data for 

Na and other related 

parameters is not 

available, as general 

guidance of salts 

contents.  

 

  B1.015  x     
Faecal 

coliforms 

 

 

Pathogens inflow B1.016  x     E.coli 
 

 

  B1.021  x     TSS 

Total suspended solids 
 

  B1.023  x     pH  
 

 

  B1.025  x     As 
 

 

  B1.026  x     Cd 
 

 

  B1.028  x     Cr 
 

 

  B1.029  x     Cu 
 

 

  B1.030  x     Fe 
 

 

  B1.031  x     Mn 
 

 

  B1.032  x     Ni 
 

 



 

  B1.033  x     Ti 
 

 

  B1.034  x     Zn 
 

 

  B1.035  x     Hg 
 

 

  B1.036  x     Pb 
 

 

  B1.037  x     Se 
 

 

  B1.038  x     B 
 

 

  B1.039  x     Mo  
 

 

Others B1.040  x     
Residual 

chlorine 

 

 

  B1.041       
Grease and 

oils 

 

 

  B1.042       Floating matter 
 

 

  B1.043       Colour 
 

 

  B2.003  x     
Total energy 

consumed 

Energy consumed in 

the reporting year, all 

energy carriers 

together and all energy 

uses considered.  

 

  B2.004  x     
Energy/m3 

treated water   

OUTPUTS C C0.001  x     

Total volume 

Treated Water 

produced 

Total Outflow of 

wastewater from the 

plant, in yearly total 

average. 

 

  C1.001  x     Temperature   

  C1.002  x     BOD 
Biological oxygen 

demand 

 

  C1.003  x     COD 
Chemical oxygen 

demand 

 

  C1.004  x     Total Nitrogen   

Nutrients in 

outflow 
C1.006  x     Nitrates   

  C1.007  x     Nitrites   

  C1.008  x     
Total 

Phosphorus   

Salts in outflow C1.009  x     K   

  C1.010  x     Ca    

  C1.011  x     Mg   

  C1.012  x     Na   

  C1.014  x     
Electric 

conductivity 

Useful when data for 

Na and other related 

parameters is not 

available, as general 

guidance of salts 

 



 

 
 

contents.  

Pathogens in 

outflow 
C1.015  x     

Faecal 

coliforms   

  C1.016  x     E.coli   

  C1.017  x     Helminths   

  C1.021       
Sedimentable 

solids   

  C1.022  x     TSS 

Total suspended solids 
 

  C1.024  x     pH    

  C1.026  x     As   

  C1.027  x     Cd   

  C1.028       Cyanide (CN)   

  C1.030  x     Cr   

  C1.031  x     Cu   

  C1.034  x     Ni   

  C1.036  x     Zn   

  C1.037  x     Hg   

  C1.038  x     Pb   

  C1.043       
Grease and 

oils   

  C1.044       Floating matter   

  C1.045       Colour   

Wastewater 

Reuse C2 
C2.001  x     

Percentage of 

wastewater 

output being 

recycled or 

reused 

  

Sludge C3 C3.001  x     

Total Sludge 

produced 

yearly 

Total amount of sludge 

produced in the 

reporting year. 

 

Metals, metalloids 

and trace 

elements in sludge 

C3.003  x     As   

  C3.004  x     Cd   

  C3.006  x     Cr   

  C3.007  x     Cu   

  C3.010  x     Ni   

  C3.012  x     Zn   

  C3.013  x     Hg   

  C3.014  x     Pb   



 

Pathogens in 

sludge 
C3.031  x     Helminths   

  C3.032  x     Total coliforms   

  C3.034       Salmonella sp.   

sludge use C4 C4.001  x     

Scope of 

sludge 

management 

% of sludge that is 

managed, including 

treatment in different 

ways, such as use in 

agriculture, thermal 

disposal, landfills, etc. 

As proposed by 

Popovic & Kraslawski 

(2018) 

 

GHG Emissions C5.006  x     

Are there 

complaints 

regarding 

odours? 
E.g. neighbours 

 

  C5.007  x     

Strength of 

odour in the 

treated 

wastewater 
high, medium, low 

 

Solid Waste C6.002  x     

Solid waste 

sustainable 

management 

plan 

Is there a waste 

management 

programme in place 

that considers reuse 

and/or recycling of 

solid waste, and/or 

plans to reduce waste 

or eliminate it, e.g. by 

changing inputs ? 

 

Staff D0 D0.003  x     
Employee/inha

bitant ratio 
Number of employees 

per 1,000 inhabitants 

served by the plant. 

 

Management D1 D1.001  x     

Existence 

Operation 

manual 

Does a clear, up to date 

operations manual 

exist on site, and 

available to all people 

operating the plant? 

 

  D1.002  x     
Regularity of 

maintenance   

Capacities D2 D2.001  x     
Capacity 

sufficiency 

Does all the personnel 

involved have the 

knowledge and skills 

they need to have? 

 

  D2.003  x     

Accessible 

Sampling and 

processing 

equipment 

Does the plant have its 

own equipment or easy 

and hassle-free access 

to sampling and 

analysis to monitor 

wastewater, treated 

water and by-products 

quality? 

 



 

 
 

Compliance and 

certification D3 
D3.001  x     

Discharge 

standards 

compliance  

Percent of time that the 

plant's outflow 

complies with 

applicable regulations. 

State which 

regulations are being 

considered 

 

  D3.002  x     

Analysis 

frequency 

compliance 

Ratio between the 

number of effluent 

samplings per month 

and number of effluent 

sampling per month 

required by law of 

wastewater treatment 

policy (as proposed by 

Popovic & Kraslawski 

(2018)) 

 

  D3.003       Certification 

Does the plant have 

some quality 

certification (ISO, or 

other national/ 

international 

standards) 

 

RISK E1 E0.001  x     
Has a health risk assessment related to wastewater been 

performed at the site? 

  E0.002  x     Are health risks being managed? 

Health E0 E0.003  x     
Do the operators have the necessary 

health and safety equipment?  

  E1.001       
Has a natural hazard risk assessment been performed at 

the facility? 

  E1.002       Are natural hazard risks being managed? 

  E1.003       
Has an environmental impact study relating wastewater 

with ecosystem health been performed at the site? 

Other hazards E1 E1.004  x     
What efforts are being made to reduce or manage 

environmental impacts? 

  E1.005       
Presence or risk of groundwater 

pollution  

  E1.006         Presence or risk of surface water pollution 

DATASET IIA.01 - Social Economic data - WWTP Scale  

Category ID PS LI     Data item  Item description Notes 

Costs A0 A0.002  x     
Cost per m3 of 

water treated Cost of producing one 

cubic meter of water  

16 A0.003  x     

Cost per 

inhabitant 

served 
 

 



 

  A0.009       

Proportion of 

costs: training, 

capacity 

building 

What proportion of the 

total expenses 

corresponds to energy? 
 

Income A1 A1.001  x     
Total plant 

income 

Total income of the 

plant yearly. Specify 

currency used under 

'units'  

  A1.002  x     

Real financial 

availability per 

inhabitant 

served 

 

 
  A1.003       Budget deficit  

 

  A1.006   x     
Valorisation of 

by products 
Are products of the 

plant being valorised 

(sold, recycled, etc) 
  

DATASET IIB.01 - Social Acceptance - Multi-scalar    

Category ID PS LI     Data item  Item description Notes 

SOCIAL B B0.001 

  

    Personal interest in wastewater management problems 

Inclusion/Particip

ation 
B0.002 

  

    
Personal awareness of wastewater management 

problems 

  B0.003 

  

    
Willingness to be informed about the wastewater 

management problems 

  B0.004 

  

    Accessibility to information 

  B0.005 

  

    Possibilities for providing a recommendation 

  B0.006 

  

    Recommendations are considered? 

  B0.007 

  

    Willingness to participate in decision-making 

  B0.008 

  

    Participative decision-making 

  B0.009 

  

    
Personal acceptance of the current wastewater 

management 

  B0.010 

  

    
Perception of social acceptance of the current wastewater 

management 

 

  



 

 
 

Appendix C 
 

Dataholders for the Panajachel study site – Final list 
1 – Stakeholder 
Local/Municipality 

2 - Stakeholder 
provincial or 
national 

3 – Own calculations 4 – Scientist 
interview or 
scientific literature 

5 – NGO interview or 
report 

1 Plant operator Julio 
Pablo de León  

1 AMSCLAE 
interviews 

1 Sampling and 
analysis  

1 UVG - CEA 1 Amigos del Lago 

2 Encargado de la planta 
Cebollales Ing. Genaro 
Umul 

2 AMSCLAE reports 2 Calculations 2 Laura Ferrans 2 Mancomunidad 
(Mankatitlán). 
Delvín Rolón, 
gerente 

3 Environmental office 
(oficina municipal del 
medio ambiente) 
/DIGAM 

3 NE   3 ERIS 3 Proyecto 
ProAtitlán 

4 Reports, monographs, 
other documentation 
published by 
municipality 

4 MARN – provincial 
delegation at 
Sololá 
 

  4 Elisandra 
Hernandez USAC 

4 ANACAFE 

5 DGP – Planning 
authority at the 
municipality. Oficina 
Municipal de Agua 

5 Ministerio de 
Salud  

    5 Puravida 

6 Agua 6 MAGA – Ministerio 
de agricultura y 
ganadería 

    6 Vivamos mejor 

  7 Instituto Nacional 
de Estadística 

      

  8 Energuate       
 

Dataholders for the Tepeji study site – Final list 
1 – Stakeholder 
Local/Municipality 

2 - Stakeholder 
provincial or 
national 

3 – Own calculations 4 – Scientist 
interview or 
scientific literature 

5 – NGO interview 
or report 

1 CAAMTROH 
director 

1 CONAGUA at 
state capital 
Pachuca 

1 Sampling and 
analysis 

1 Research by UNAM   

2 CAAMTROH/ Field 
personnel 

2 CONAGUA 
central office 
Mexico City 

2 Calculations     

3 Dirección de 
ecología municipal 

3 INEGI       

4 FIAVHI director         

5 FIAVHI technical 
staff  

        

6 Plant operator         

7 Urban development 
office at the 
municipality 

        

8 Owner of 
agricultural field who 
will receive treated 
WW 

        

 

 

 

 

 

  



 

Appendix D 

Water quality parameters analyzed in Panajachel - field campaign 08.2018 

Raw (WW) and treated wastewater (TWW) 
  
Sludge 

1 Temperature 1 Fecal coliforms 

2 pH 2 Helminth eggs 

3 Grease and oils  3 Al 

4 Floating matter  4 As 

5 BOD  5 Ca 

6 COD  6 Cd 

7 TSS  7 Co 

8 Total Nitrogen  8 Cr 

9 Total Phosphorus  9 Cu 

10 Fecal coliforms  10 Fe 

11 Apparent Color  11 Hg 

12 Al 12 K 

13 As 13 Mn 

14 Ca 14 Na 

15 Cd 15 Ni 

16 Co 16 P  

17 Cr 17 Pb 

18 Cu 18 Se 

19 Fe 19 Zn 

20 Hg 
  

21 K 
  

22 Mn 
  

23 Na 
  

24 Ni 
  

25 P  
  

26 Pb 
  

27 Se 
  

28 Zn 
  

 

 

 

 

 

 

 

 

 



 

 
 

Water quality parameters analyzed in Tepeji - field campaign 08.2018 

Raw and treated wastewater 

1 Grease and oils 

2 Floating matter 

3 BOD 

4 COD 

5 Suspended solids 

6 TN 

7 TP 

8 pH 

9 Fecal coliforms 

10 Apparent color 

11 Al 

12 As 

13 Ca 

14 Cd 

15 Co 

16 Cr 

17 Cu 

18 Fe 

19 Hg 

20 K 

21 Mn 

22 Na 

23 Ni 

24 P  

25 Pb 

26 Se 

27 Zn 

27 Cn 

28 Sedimentable solids 

29 Nitrites 

30 Nitrates 
 

 

 

 

 

 



 

Appendix E 

Variables and threshold values considered for the Sustainability Assessment at the two study sites 

(Panajachel, Guatemala and Tepeji, Mexico). This table discloses the values and sources of the 

thresholds used in the Sustainability Assessment  

 

Variables and thresholds for SA in Panajachel 

Gt: Guatemala regulation   Mx: Mexican regulation   ST-team: SludgeTec team  WHO (2006): Guidelines for SUWA – Vol 2 

No. Code (ID) Variable Unit Threshold value Source Red Yellow Green 

1 TE7B 
Temperature - 

WW 
oC 40 

AG 12-2011 Art. 14 (p.10) 

Gt 
>44 >4  and ≤44 ≤4  

2 TE8B 

Biological Oxygen 

Demand (BOD) - 

WW 

mg/l 100 
AG 12-2011 Art. 14 (p.10) 

Gt 
>110 >1   and ≤11  ≤1   

3 TE9B 

Chemical Oxygen 

Demand (COD) - 

WW 

mg/l 200 
AG 12-2011 Art. 14 (p.10) 

Gt 
>220 >200 and ≤22  ≤2   

4 TE10B 
Total Nitrogen - 

WW 
mg/l 20 

AG 12-2011 Art. 14 (p.10) 

Gt 
>22 >2  and ≤22 ≤2  

5 TE11B 
Total Phosphorus 

- WW 
mg/l 10 

AG 12-2011 Art. 14 (p.10) 

Gt 
>11 >1  and ≤11 ≤1  

6 TE12B 
Faecal coliforms - 

WW 
MPN/100 ml 100,000 

AG 12-2011 Art. 14 (p.10) 

Gt 
>110000 >1      and ≤11     ≤1      

7 TE14B 
Total Suspended 

Solids (TSS) - WW 
mg/l 125 

AG 12-2011 Art. 14 (p.10) 

Gt 
>137.5 >12  and ≤13 .  ≤12  

8 TE15B pH - WW pH unit between 6-9 
AG 12-2011 Art. 14 (p.10) 

Gt 
<6 and >9 - ≥6 and ≤  

9 TE19C 
Temperature - 

TWW 
oC TRWB ±3 AG 12-2011 Art. 11 (p.7) Gt <20 and >26 - ≥2  and ≤26 

10 TE20C 

Biological Oxygen 

Demand (BOD) - 

TWW 

mg/l 30 AG 12-2011 Art. 11 (p.7) Gt >33 >3  and ≤33 ≤3  

11 TE21C 

Chemical Oxygen 

Demand (COD) - 

TWW 

mg/l 60 AG 12-2011 Art. 11 (p.7) Gt >66 >6  and ≤66 ≤6  

12 TE22C 
Total Nitrogen - 

TWW 
mg/l 5 AG 12-2011 Art. 11 (p.7) Gt >5.5 >  and ≤ .  ≤  

13 TE23C 
Total Phosphorus 

- TWW 
mg/l 3 AG 12-2011 Art. 11 (p.7) Gt >3.3 >3 and ≤3.3 ≤3 

14 TE24C 
Faecal coliforms - 

TWW 
MPN/100ml 500 AG 12-2011 Art. 11 (p.7) Gt >550 >    and ≤    ≤    

15 TE26C Helminths - TWW - 5 
NOM-003-SEMARNAT-1997 

Mx 
>5.5 >  and ≤ .  ≤  

16 TE29C 

Total Suspended 

Solids (TSS) - 

TWW 

mg/l 40 AG 12-2011 Art. 11 (p.7) Gt >44 >4  and ≤44 ≤4  

17 TE31C pH - TWW pH units between 6-9 AG 12-2011 Art. 11 (p.7) Gt <6 and >9 - ≥6 and ≤  



 

 
 

Variables and thresholds for SA in Panajachel 

Gt: Guatemala regulation   Mx: Mexican regulation   ST-team: SludgeTec team  WHO (2006): Guidelines for SUWA – Vol 2 

No. Code (ID) Variable Unit Threshold value Source Red Yellow Green 

18 TE33C 
Arsenic (As) - 

TWW 
mg/l 0.1 

AG 12-2011 Art. 11 (p.10) 

Gt 
>0.11 > .1 and ≤ .11 ≤ .1 

19 TE34C 
Cadmium (Cd) - 

TWW 
mg/l 0.1 

AG 12-2011 Art. 11 (p.10) 

Gt 
>0.11 >0.1 and ≤ .11 ≤ .1 

20 TE37C 
Chromium (Cr) - 

TWW 
mg/l 0.1 

AG 12-2011 Art. 11 (p.10) 

Gt 
>0.11 > .1 and ≤ .11 ≤ .1 

21 TE38C 
Copper (Cu) - 

TWW 
mg/l 0.5 

AG 12-2011 Art. 11 (p.10) 

Gt 
>0.55 > .  and ≤ .   ≤ .  

22 TE41C 
Nickel (Ni) - 

TWW 
mg/l 0.5 

AG 12-2011 Art. 11 (p.10) 

Gt 
>0.55 > .  and ≤ .   ≤ .  

23 TE43C Zinc (Zn) - TWW mg/l 1 
AG 12-2011 Art. 11 (p.10) 

Gt 
>1.1 >1 and ≤1.1 ≤1 

24 TE44C 
Mercury (Hg) - 

TWW 
mg/l 0.01 

AG 12-2011 Art. 11 (p.10) 

Gt 
>0.011 > . 1 and ≤ . 1 ≤ . 1 

25 TE45C Lead (Pb) - TWW mg/l 0.1 
AG 12-2011 Art. 11 (p.10) 

Gt 
>0.11 > .1 and ≤ .11 ≤ .1 

26 TE49C 
Grease and oils - 

TWW 
mg/l 15 

NOM-001-SEMARNAT-1996 

(p.15) Mx 
>16.5 >1  and ≤16.  ≤1  

27 TE50C 
Floating matter - 

TWW 

Present - 

Absent 
Present-Absent 

AG 12-2011 Art. 11 (p.10) 

Gt 
Present - Absent 

28 TE51C Colour - TWW PCU 400 
AG 12-2011 Art. 11 (p.10) 

Gt 
>440 >4   and ≤44  ≤4   

29 TE52C Water reuse YES - NO YES-NO ST team NO - YES 

30 TE55C 
Arsenic (As) - 

Sludge 

mg/kg dry 

matter (104 
oC) 

50 
AG 236-2006 para lodos - 

Application in soil Gt 
>55 >   and ≤   ≤   

31 TE56C 
Cadmium (Cd) - 

Sludge 

mg/kg dry 

matter (104 
oC) 

50 AG 236-2006 para lodos Gt >55 >   and ≤   ≤   

32 TE58C 
Chromium (Cr) - 

Sludge 

mg/kg dry 

matter (104 
oC) 

1500 AG 236-2006 para lodos Gt >1650 >1    and ≤16   ≤1    

33 TE59C 
Copper (Cu) - 

Sludge 

mg/kg (dry 

weight) 
1500 

NOM-004-SEMARNAT-2002 

(p.6) - Excellent Biosolid Mx 
>1650 >1    and ≤16   ≤1    

34 TE62C 
Nickel (Ni) - 

Sludge 

mg/kg (dry 

weight) 
420 

NOM-004-SEMARNAT-2002 

(p.6) - Excellent Biosolid Mx 
>462 >420 and ≤462 ≤42  

35 TE64C Zinc (Zn) - Sludge 
mg/kg (dry 

weight) 
2800 

NOM-004-SEMARNAT-2002 

(p.6) - Excellent Biosolid Mx 
>3080 >2    and ≤3    ≤2    

36 TE65C 
Mercury (Hg) - 

Sludge 

mg/kg dry 

matter (104 
oC) 

25 
AG 236-2006 para lodos - 

Application in soil Gt 
>27.5 >2  and ≤2 .  ≤2  



 

Variables and thresholds for SA in Panajachel 

Gt: Guatemala regulation   Mx: Mexican regulation   ST-team: SludgeTec team  WHO (2006): Guidelines for SUWA – Vol 2 

No. Code (ID) Variable Unit Threshold value Source Red Yellow Green 

37 TE66C 
Lead (Pb) - 

Sludge 

mg/kg dry 

matter (104 
oC) 

500 
AG 236-2006 para lodos - 

Application in soil Gt 
>550 >    and ≤    ≤    

38 TE71C 
Helminths - 

Sludge 

egg/g (dry 

weight) 
10 

NOM-004-SEMARNAT-2002 

(p.6) Mx 
>11 >1  and ≤11 ≤1  

39 TE72C 
Total coliforms - 

Sludge 

MPN/g (dry 

weight) 
1000 

NOM-004-SEMARNAT-2002 

(p.6) Mx 
>1100 >1    and ≤11   ≤1    

40 TE74C 
Salmonella - 

Sludge 
- 300 

NOM-004-SEMARNAT-2002 

(p.6) Mx 
>330 >3   and ≤33  ≤3   

41 TE76C 
Scope of sludge 

management 
% 100 ST team <33.33 ≥33.33 and <66.6  ≥66.6  and ≤1   

42 TE78C 

Identification of 

potential sludge 

consumers/users 

YES - NO YES-NO ST team NO - YES 

43 TE80C 
Quantification of 

GHG emissions 
YES - NO YES-NO ST team NO - YES 

44 TE83D 
Operation 

Manual 
YES - NO YES-NO ST team NO - YES 

45 TE84D 
Regular 

maintenance 
YES - NO YES-NO ST team NO - YES 

46 TE85D 
Capacity 

sufficiency 
YES - NO YES-NO ST team NO - YES 

47 TE86D 

Accessible 

Sampling and 

processing 

equipment 

YES - NO YES-NO ST team NO - YES 

48 TE87D 

Discharge 

standards 

compliance  

YES - NO YES-NO ST team NO - YES 

49 TE88D 

Analysis 

frequency  

compliance - 

water 

samples/year 2 AG 236-2006 para lodos Gt <2 - ≥2 

50 TE89D 

Analysis 

frequency  

compliance -  

sludge 

samples/year 2 AG 236-2006 para lodos Gt <2 - ≥2 

51 TE90D Certification YES - NO YES-NO ST team NO - YES 

52 TE91D 
Health risk 

assessment 
YES - NO YES-NO ST team NO - YES 

53 TE92E 

Current 

management of 

health risks 

YES - NO YES-NO ST team NO - YES 

54 TE93E 
Health and safety 

equipment 
YES - NO YES-NO ST team NO - YES 



 

 
 

Variables and thresholds for SA in Panajachel 

Gt: Guatemala regulation   Mx: Mexican regulation   ST-team: SludgeTec team  WHO (2006): Guidelines for SUWA – Vol 2 

No. Code (ID) Variable Unit Threshold value Source Red Yellow Green 

55 TE94E 
Performance of 

risk assessment 
YES - NO YES-NO ST team NO - YES 

56 TE95E 

Current 

management of 

risks 

YES - NO YES-NO ST team NO - YES 

57 TE96E 

Environmental 

impact 

assessment (EIA) 

YES - NO YES-NO ST team NO - YES 

58 TE97E 

Efforts to reduce 

or manage 

environmental 

impacts 

YES - NO YES-NO ST team NO - YES 

59 TE98E 

Presence or risk 

of groundwater 

pollution 

YES - NO YES-NO ST team YES - NO 

60 TE99E 

Presence or risk 

of surface water 

pollution 

YES - NO YES-NO ST team YES - NO 

61 Ec2A 
Per capita cost of 

WWT 
USD/hab/year 4-8  WHO >8.8 >  and ≤ .  ≤  

62 Ec7A Budget deficit YES - NO YES-NO ST team YES - NO 

63 Ec8A 
Valorisation of 

by-products 
YES - NO YES-NO ST team NO - YES 

64 S1B 

Personal interest 

in wastewater 

management 

problems 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

65 S2B 

Personal 

awareness of 

wastewater 

management 

problems 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

66 S3B 

Willingness to be 

informed about 

the wastewater 

management 

problems 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

67 S4B 
Accessibility to 

information 
scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

68 S5B 

Possibilities for 

providing a 

recommendation 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

69 S9B 

Personal 

acceptance of 

the current 

wastewater 

management 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 



 

Variables and thresholds for SA in Panajachel 

Gt: Guatemala regulation   Mx: Mexican regulation   ST-team: SludgeTec team  WHO (2006): Guidelines for SUWA – Vol 2 

No. Code (ID) Variable Unit Threshold value Source Red Yellow Green 

70 S10B 

Perception of 

social acceptance 

of the current 

wastewater 

management 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

 

Variables and thresholds for SA in Tepeji 

Gt: Guatemala regulation    Mx: Mexican regulation     ST-team: SludgeTec team    WHO (2006): Guidelines for SUWA - Vol 2   

No. Code (ID) Variable Unit 
Threshold 

value 
Source Red Yellow Green 

1 TE9B 
Temperature - 

WW 
oC 40 

AG 236-2006 

Art. 28 Gt 
>44 >4  and ≤44 ≤4  

2 TE12B 
Total Nitrogen - 

WW 
mg/l 80 

AG 236-2006 

Art. 28 Gt 
>88 >   and ≤   ≤   

3 TE13B 
Total Phosphorus 

- WW 
mg/l 20 

AG 236-2006 

Art. 28 Gt 
>22 >2  and ≤22 ≤2  

4 TE19B 
Faecal coliforms - 

WW 
MPN/100ml 10000 

AG 236-2006 

Art. 28 Gt 
>1100 >1    and ≤11   ≤1    

5 TE22B pH - WW pH unit between 6-9 
AG 236-2006 

Art. 28 Gt 
<6 and >9 - ≥6 and ≤  

6 TE23B Arsenic (As) - WW mg/l 0.5 

NOM-002-

SEMARNAT-

1996 (p.41) Mx 

>0.55 > .  and ≤ .   ≤ .  

7 TE24B 
Cadmium (Cd) - 

WW 
mg/l 0.5 

NOM-002-

SEMARNAT-

1996 (p.41) Mx 

>0.55 >0.5 and ≤ .   ≤ .  

8 TE25B 
Chromium (Cr) - 

WW 
mg/l 0.5 

NOM-002-

SEMARNAT-

1996 (p.41) Mx 

>0.55 > .  and ≤ .   ≤ .  

9 TE26B Copper (Cu) - WW mg/l 10 

NOM-002-

SEMARNAT-

1996 (p.41) Mx 

>11 >1  and ≤11 ≤1  

10 TE29B Nickel (Ni) - WW mg/l 4 

NOM-002-

SEMARNAT-

1996 (p.41) Mx 

>4.4 >4 and ≤4.4 ≤4 

11 TE31B Zinc (Zn) - WW mg/l 6 

NOM-002-

SEMARNAT-

1996 (p.41) Mx 

>6.6 >6 and ≤6.6 ≤6 

12 TE32B 
Mercury (Hg) - 

WW 
mg/l 0.01 

NOM-002-

SEMARNAT-

1996 (p.41) Mx 

>0.011 > . 1 and ≤ . 1 ≤ . 1 

13 TE33B Lead (Pb) - WW mg/l 1 

NOM-002-

SEMARNAT-

1996 (p.41) Mx 

>1.1 >1 and ≤1.1 ≤1 



 

 
 

Variables and thresholds for SA in Tepeji 

Gt: Guatemala regulation    Mx: Mexican regulation     ST-team: SludgeTec team    WHO (2006): Guidelines for SUWA - Vol 2   

No. Code (ID) Variable Unit 
Threshold 

value 
Source Red Yellow Green 

14 TE38B 
Grease and oils - 

WW 
mg/l 50 

NOM-002-

SEMARNAT-

1996 (p.41) Mx 

>55 >   and ≤   ≤   

15 TE39B 
Floating matter - 

WW 

Absent - 

Present 
Absent 

AG 236-2006 

Art. 28 Gt 
Present - Absent 

16 TE40B Colour - WW PCU 500 
AG 236-2006 

Art. 28 Gt 
>550 >    and ≤    ≤    

17 TE47C 
Total Nitrogen - 

TWW 
mg/l 30  WHO >33 >3  and ≤33 ≤3  

18 TE54C 
Sodium (Na) - 

TWW 
meq/l 9  WHO >9.9 >  and ≤ .  ≤  

19 TE55C 

Electric 

conductivity - 

TWW 

µS/cm 30  WHO >33 >3  and ≤33 ≤3  

20 TE56C 
Faecal coliforms - 

TWW 
MPN/100ml 1000 

NOM-003-

SEMARNAT-

1997 Mx 

>1100 >1    and ≤11   ≤1    

21 TE58C Helminths - TWW egg/l 5 

NOM-003-

SEMARNAT-

1997 Mx 

>5.5 >  and ≤ .  ≤  

22 TE60C 

Total Suspended 

Solids (TSS) - 

TWW 

mg/l 100  WHO >110 >1   and ≤11  ≤1   

23 TE61C pH - TWW pH units 
between 6.5-

8 
 WHO <6.5 and >8 - ≥6.  and ≤  

24 TE62C 
Arsenic (As) - 

TWW 
mg/l 0.1  WHO >0.11 > .1 and ≤ .11 ≤ .1 

25 TE63C 
Cadmium (Cd) - 

TWW 
mg/l 0.01  WHO >0.011 >0.01 and ≤ . 1 ≤ . 1 

26 TE64C 
Cyanide (CN) - 

TWW 
mg/l 2 

NOM-001-

SEMARNAT-

1996 (p.14) Mx 

>2.2 >2 and ≤2.2 ≤2 

27 TE65C 
Chromium (Cr) - 

TWW 
mg/l 0.1  WHO >0.11 > .1 and ≤ .11 ≤ .1 

28 TE66C 
Cupper (Cu) - 

TWW 
mg/l 0.2  WHO >0.11 > .1 and ≤ .11 ≤ .1 

29 TE67C Nickel (Ni) - TWW mg/l 0.2  WHO >0.11 > .1 and ≤ .11 ≤ .1 

30 TE68C Zinc (Zn) - TWW mg/l 2  WHO >2.2 >2 and ≤2.2 ≤2 

31 TE69C 
Mercury (Hg) - 

TWW 
mg/l 0.005 

NOM-001-

SEMARNAT-

1996 (p.14) Mx 

>0.0055 > . 1 and ≤ . 1 ≤ . 1 

32 TE70C Lead (Pb) - TWW mg/l 5  WHO >5.5 >  and ≤ .  ≤  



 

Variables and thresholds for SA in Tepeji 

Gt: Guatemala regulation    Mx: Mexican regulation     ST-team: SludgeTec team    WHO (2006): Guidelines for SUWA - Vol 2   

No. Code (ID) Variable Unit 
Threshold 

value 
Source Red Yellow Green 

33 TE71C 
Grease and oils - 

TWW 
mg/l 15 

NOM-001-

SEMARNAT-

1996 (p.14) Mx 

>16.5 >1  and ≤16.  ≤1  

34 TE72C 
Floating matter - 

TWW 

Absent - 

Present 
Absent 

NOM-001-

SEMARNAT-

1996 (p.14) Mx 

Present - Absent 

35 TE73C Colour - TWW PCU 400 
AG 12-2011 Art. 

11 (p.10) Gt 
>440 >4   and ≤44  ≤4   

36 TE74C Water reuse % 
between 0-

100 
ST team <33.33 ≥33.33 and <66.6  ≥66.6  and ≤1   

37 TE88C Odours YES - NO YES-NO ST team YES - NO 

38 TE89C 
Solid waste 

management 
- YES-NO ST team NO - YES 

39 TE91C Operation Manual YES - NO YES-NO ST team NO - YES 

40 TE92C 
Regular 

Maintenance 
YES - NO YES-NO ST team NO - YES 

41 TE93C 
Capacity 

sufficiency 
YES - NO YES-NO ST team NO - YES 

42 TE94C 

Accessible 

Sampling and 

processing 

equipment 

YES - NO YES-NO ST team NO - YES 

43 TE95C 

Discharge 

standards 

compliance  

YES - NO YES-NO ST team NO - YES 

44 TE96C 

Analysis 

frequency 

compliance - 

water 

YES - NO YES-NO ST team NO - YES 

45 TE98C Certification YES - NO YES-NO ST team NO - YES 

46 TE99C 
Health risk 

assessment 
YES - NO YES-NO ST team 0 - - 

47 TE100C 

Current 

management of 

health risks 

YES - NO YES-NO ST team NO - YES 

48 TE101C 
Health and safety 

equipment 
YES - NO YES-NO ST team NO - YES 

49 TE102C 
Performance of 

risk assessment 
YES - NO YES-NO ST team NO - YES 

50 TE103C 

Current 

management of 

risks 

YES - NO YES-NO ST team 0 - - 

51 TE104C Environmental 

impact 
YES - NO YES-NO ST team NO - YES 



 

 
 

Variables and thresholds for SA in Tepeji 

Gt: Guatemala regulation    Mx: Mexican regulation     ST-team: SludgeTec team    WHO (2006): Guidelines for SUWA - Vol 2   

No. Code (ID) Variable Unit 
Threshold 

value 
Source Red Yellow Green 

assessment (EIA) 

52 TE105C 

Efforts to reduce 

or manage 

environmental 

impacts 

YES - NO YES-NO ST team 0 - - 

53 TE106C 

Presence or risk of 

groundwater 

pollution 

YES - NO YES-NO ST team 0 - - 

54 TE107C 

Presence or risk of 

surface water 

pollution 

YES - NO YES-NO ST team YES - NO 

55 Ec2A 
Per capita cost of 

WWT 
USD/hab/year 1-1.5  WHO >8.8 >  and ≤ .  ≤1.  

56 Ec6A Budget deficit YES - NO YES-NO ST team YES - NO 

57 Ec7A 
Valorisation of by-

products 
YES - NO YES-NO ST team NO - YES 

58 S1B 

Personal interest 

in wastewater 

management 

problems 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

59 S2B 

Personal 

awareness of 

wastewater 

management 

problems 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

60 S3B 

Willingness to be 

informed about 

the wastewater 

management 

problems 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

61 S4B 
Accessibility to 

information 
scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

62 S5B 

Possibilities for 

providing a 

recommendation 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

63 S9B 

Personal 

acceptance of the 

current 

wastewater 

management 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 

64 S10B 

Perception of 

social acceptance 

of the current 

wastewater 

management 

scale 1 - 4 between 1-4 ST team ≥1 and <2 ≥2 and <3 ≥3 and ≤4 



 

Appendix F 

Sustainability Assessment results per variable (Panajachel, Guatemala) 

R: Red  Y: Yellow  G: Green       

No. Code (ID) Variable Unit Measured/Gathered Data Category 

1 TE7B Temperature - WW oC 23.50 G 

2 TE8B Biological Oxygen Demand (BOD) - WW mg/l 1,060.00 R 

3 TE9B Chemical Oxygen Demand (COD) - WW mg/l 1,150.00 R 

4 TE10B Total Nitrogen - WW mg/l 33.05 R 

5 TE11B Total Phosphorus - WW mg/l 26.65 R 

6 TE12B Faecal coliforms - WW MPN/100 ml 2.75E+15 R 

7 TE14B Total Suspended Solids (TSS) - WW mg/l 610.00 R 

8 TE15B pH - WW pH unit 7.27 G 

9 TE19C Temperature - TWW oC 22.68 G 

10 TE20C Biological Oxygen Demand (BOD) - TWW mg/l 287.50 R 

11 TE21C Chemical Oxygen Demand (COD) - TWW mg/l 224.00 R 

12 TE22C Total Nitrogen - TWW mg/l 33.50 R 

13 TE23C Total Phosphorus - TWW mg/l 16.19 R 

14 TE24C Faecal coliforms - TWW MPN/100ml 1.32E+11 R 

15 TE29C Total Suspended Solids (TSS) - TWW mg/l 565.00 R 

16 TE31C pH - TWW pH units 6.80 G 

17 TE33C Arsenic (As) - TWW mg/l Not detectable G 

18 TE34C Cadmium (Cd) - TWW mg/l Not detectable G 

19 TE37C Chromium (Cr) - TWW mg/l 0.10 G 

20 TE38C Copper (Cu) - TWW mg/l 0.01 G 

21 TE41C Nickel (Ni) - TWW mg/l Not detectable G 

22 TE43C Zinc (Zn) - TWW mg/l 0.12 G 

23 TE44C Mercury (Hg) - TWW mg/l Not detectable G 

24 TE45C Lead (Pb) - TWW mg/l Not detectable G 

25 TE49C Grease and oils - TWW mg/l 367.50 R 

26 TE50C Floating matter - TWW 
Present - 

Absent 
Present R 

27 TE51C Colour - TWW PCU 648.00 R 

28 TE52C Water reuse YES - NO NO R 

29 TE55C Arsenic (As) - Sludge mg/kg dry 

matter (104 
53.00 Y 



 

 
 

Sustainability Assessment results per variable (Panajachel, Guatemala) 

R: Red  Y: Yellow  G: Green       

No. Code (ID) Variable Unit Measured/Gathered Data Category 

oC) 

30 TE56C Cadmium (Cd) - Sludge 

mg/kg dry 

matter (104 
oC) 

1.00 G 

31 TE58C Chromium (Cr) - Sludge 

mg/kg dry 

matter (104 
oC) 

60.00 G 

32 TE59C Copper (Cu) - Sludge 
mg/kg (dry 

weight) 
100.00 G 

33 TE62C Nickel (Ni) - Sludge 
mg/kg (dry 

weight) 
21.00 G 

34 TE64C Zinc (Zn) - Sludge 
mg/kg (dry 

weight) 
0.15 G 

35 TE65C Mercury (Hg) - Sludge 

mg/kg dry 

matter (104 
oC) 

Not detectable G 

36 TE66C Lead (Pb) - Sludge 

mg/kg dry 

matter (104 
oC) 

61.00 G 

37 TE71C Helminths - Sludge 
egg/g (dry 

weight) 
9.00 G 

38 TE72C Total coliforms - Sludge 
MPN/g (dry 

weight) 
9.00E+13 R 

39 TE76C Scope of sludge management % Negligible R 

40 TE78C Identification of potential sludge consumers/users YES - NO 0.00 G 

41 TE83D Operation Manual YES - NO NO Y 

42 TE84D Regular maintenance YES - NO NO R 

43 TE85D Capacity sufficiency YES - NO NO R 

44 TE86D Accessible Sampling and processing equipment YES - NO NO R 

45 TE88D Analysis frequency  compliance - water samples/year 2 G 

46 TE89D Analysis frequency  compliance -  sludge samples/year 2 G 

47 TE90D Certification YES - NO NO R 

48 TE91D Health risk assessment YES - NO NO R 

49 TE93E Health and safety equipment YES - NO NO R 

50 TE94E Performance of risk assessment YES - NO NO R 



 

Sustainability Assessment results per variable (Panajachel, Guatemala) 

R: Red  Y: Yellow  G: Green       

No. Code (ID) Variable Unit Measured/Gathered Data Category 

51 TE96E Environmental impact assessment (EIA) YES - NO NO R 

52 TE99E Presence or risk of surface water pollution YES - NO YES R 

53 Ec2A Per capita cost of WWT USD/hab/year 1.00 R 

54 Ec7A Budget deficit YES - NO Yes R 

55 Ec8A Valorisation  of by-products YES - NO No R 

56 S1B 
Personal interest in wastewater management 

problems 
scale 1 - 4 4.00 G 

57 S2B 
Personal awareness of wastewater management 

problems 
scale 1 - 4 4.00 G 

58 S3B 
Willingness to be informed about the wastewater 

management problems 
scale 1 - 4 3.60 G 

59 S4B Accessibility to information scale 1 - 4 2.40 Y 

60 S5B Possibilities for providing a recommendation scale 1 - 4 3.40 G 

61 S9B 
Personal acceptance of the current wastewater 

management 
scale 1 - 4 1.20 R 

62 S10B 
Perception of social acceptance of the current 

wastewater management 
scale 1 - 4 1.30 R 

 

 

Sustainability Assessment results per variable (Tepeji, Mexico) 

R: Red  Y: Yellow  G: Green       

No. Code (ID) Variable Unit Measured/Gathered Data Category 

1 TE9B Temperature - WW oC 21.00 G 

2 TE12B Total Nitrogen - WW mg/l 115.38 R 

3 TE13B Total Phosphorus - WW mg/l 4.71 G 

4 TE19B Faecal coliforms - WW MPN/100ml 2.40E+03 R 

5 TE22B pH  - WW pH unit 8.85 G 

6 TE23B Arsenic (As) - WW mg/l 0.00 G 

7 TE24B Cadmium (Cd) - WW mg/l 0.02 G 

8 TE25B Chromium (Cr) - WW mg/l 0.05 G 

9 TE26B Cupper (Cu) - WW mg/l 0.02 G 

10 TE29B Nickel (Ni) - WW mg/l 0.05 G 

11 TE31B Zinc (Zn) - WW mg/l 0.02 G 



 

 
 

Sustainability Assessment results per variable (Tepeji, Mexico) 

R: Red  Y: Yellow  G: Green       

No. Code (ID) Variable Unit Measured/Gathered Data Category 

12 TE32B Mercury (Hg) - WW mg/l 0.00 G 

13 TE33B Lead (Pb) - WW mg/l 0.00 G 

14 TE38B Grease and oils - WW mg/l 5.41 G 

15 TE39B Floating matter - WW Absent - Present Absent G 

16 TE40B Colour - WW PCU 100.00 G 

17 TE47C Total Nitrogen - TWW mg/l 120.62 R 

18 TE55C Electric conductivity - TWW µS/cm 1.84 G 

19 TE56C Faecal coliforms - TWW MPN/100ml 2400.00 R 

20 TE60C Total Suspended Solids (TSS) - TWW mg/l 46.00 G 

21 TE61C pH  - TWW pH units 8.32 R 

22 TE62C Arsenic (As) - TWW mg/l 0.00 G 

23 TE63C Cadmium (Cd) - TWW mg/l 0.02 R 

24 TE64C Cyanide (CN) - TWW mg/l 0.64 G 

25 TE65C Chromium (Cr) - TWW mg/l 0.05 G 

26 TE66C Cupper (Cu) - TWW mg/l 0.02 G 

27 TE67C Nickel (Ni) - TWW mg/l 0.05 G 

28 TE68C Zinc (Zn) - TWW mg/l 0.02 G 

29 TE69C Mercury (Hg) - TWW mg/l 0.00 G 

30 TE70C Lead (Pb) - TWW mg/l 0.10 G 

31 TE71C Grease and oils - TWW mg/l 5.00 G 

32 TE72C Floating matter - TWW Absent - Present Absent G 

33 TE73C Colour - TWW PCU 100.00 G 

34 TE74C Water reuse % 100.00 G 

35 TE88C Odours YES - NO YES R 

36 TE89C Solid waste management - NO R 

37 TE91C Operation Manual YES - NO NO R 

38 TE92C Regular Maintenance YES - NO Daily G 

39 TE93C Capacity sufficiency YES - NO NO R 

40 TE94C Accessible Sampling and processing equipment YES - NO NO R 

41 TE95C Discharge standards compliance  YES - NO NO R 

42 TE96C Analysis frequency compliance - water YES - NO NO R 

43 TE98C Certification YES - NO YES G 



 

Sustainability Assessment results per variable (Tepeji, Mexico) 

R: Red  Y: Yellow  G: Green       

No. Code (ID) Variable Unit Measured/Gathered Data Category 

44 TE100C Current management of health risks YES - NO YES G 

45 TE101C Health and safety equipment YES - NO YES G 

46 TE102C Performance of risk assessment YES - NO NO R 

47 TE104C Environmental impact assessment (EIA) YES - NO NO R 

48 TE107C Presence or risk of surface water pollution YES - NO NO G 

49 S1B 
Personal interest in wastewater management 

problems 
scale 1 - 4 3.71 G 

50 S2B 
Personal awareness of wastewater management 

problems 
scale 1 - 4 3.57 G 

51 S3B 
Willingness to be informed about the wastewater 

management problems 
scale 1 - 4 3.29 G 

52 S4B Accessibility to information scale 1 - 4 1.86 R 

53 S5B Possibilities for providing a recommendation scale 1 - 4 2.71 Y 

54 S9B 
Personal acceptance of the current wastewater 

management 
scale 1 - 4 2.64 Y 

55 S10B 
Perception of social acceptance of the current 

wastewater management 
scale 1 - 4 1.64 R 

 

 

  



 

 
 

7.2 SI for 4.2 ‘Selecting Sustainable Sewage Sludge Reuse Options through a 

Systematic Assessment Framework: Methodology and Case Study in Latin 

America’ 
 

Table S1: Additional information from stakeholders interviewed for the study 

Interviewee Group Sector Decision power Interest 

1 
Scientific expert / 
Academy 

Private Low High 

2 
Scientific expert / 
Academy 

Private Low High 

3 
Scientific expert / 
Academy 

Public Low Medium 

4 Authorities Public High High 

5 NGO NGO Medium-high High 

6 NGO NGO Low Medium 

7 
WWTP 
manager/municipality 

Public High High 

8 
WWTP 
manager/municipality 

Public High High 

 

Table S2: Data input for DSF: Case study Panajachel, Guatemala. 

Category Attribute  Agriculture Soil 
conditioning 

Earth-based 
construction 
material 

Non-
carbonised 
briquettes 

Cover 
Landfills 

Economy Investment 
costs 

Low. Sludge 
treatment units 
already exist at 
WWTP. 
Composting 
facilities 
already exist in 
the city (Field 
trip 
observation). 

Low. Sludge 
treatment units 
already exist at 
WWTP. 
Composting 
facilities 
already exist in 
the city (Field 
trip 
observation). 

High. Need of 
pressure 
machine to 
obtain rigid 
blocks or 
sheets (Field 
trip 
observation). 

High. Need of 
pressure 
machine to 
obtain 
briquettes 
(Field trip 
observation). 

Low. Sludge 
treatment units 
available at 
WWTP (Field 
trip 
observation). 

Operation and 
Maintenance 
(O&M) cost 

Medium. Cost 
O&M of 
digester+ 
drying beds+ 
composting 
(Field trip 
observation). 

Medium. Cost 
O&M of 
digester+ 
drying beds+ 
composting 
(Field trip 
observation). 

Medium. Cost 
O&M of 
digester+ 
drying beds+ 
liming (Field 
trip 
observation). 

Medium. Cost 
O&M of 
digester+ 
drying beds+ 
liming (Field 
trip 
observation). 

Medium. Cost 
O&M of 
digester+ 
drying beds+ 
liming (Field 
trip 
observation). 

Money inputs High. Profits 
from sales of 
produced 
fertilisers (Field 
trip 
observation). 

Medium. 
Possible profit 
(less likely) of 
soil 
amendments 
(Field trip 
observation). 

No income. 
No payment 
from raw 
material (Field 
trip 
observation). 

Medium. 
Possible profit 
(less likely) of 
briquettes 
(Field trip 
observation). 

No income. 
No payment 
from raw 
material (Field 
trip 
observation). 

Society Stakeholder 
acceptance 
(5-1, 5: totally 
accepted. 1: 
no accepted). 

High. 4 
(Stakeholder 
interview)    

High. 4 
(Stakeholder 
interview)    

Medium. 3 
(Stakeholder 
interview)    

 Low. 2 
(Stakeholder 
interview)    

Medium. 3 
(Stakeholder 
interview)    



 

Category Attribute  Agriculture Soil 
conditioning 

Earth-based 
construction 
material 

Non-
carbonised 
briquettes 

Cover 
Landfills 

Risk heavy 
metal 
absorption 

Medium. Low 
concentration 
of heavy 
metals 
however 
possible 
contact with 
edible crops 
(Sharma et al., 
2017). 

Low. Low 
concentration 
of heavy 
metals. Risk is 
lower than 
agriculture 
because soils 
are not 
appointed for 
food crops 
(EC, 2002). 

Low. Low 
concentration 
of heavy 
metals and 
these will be 
encapsulated 
proving less 
risk (Cusidó et 
al., 2012). 

Low. Low 
concentration 
of heavy 
metals and 
sludge no 
contact with 
edible products 
(Saldo et al., 
2008). 

Low. Low 
concentration 
of heavy 
metals and 
only risk if 
there is no 
leachate 
treatment 
(Saldo et al., 
2008). 

Risk pathogen 
ingestion 

Medium. 
Composting 
treatment 
eliminates 
pathogens 
(Kosobucki et 
al., 2000); 
however, 
scenario 
includes edible 
products. 

Low. 
Composting 
treatment 
eliminates 
pathogens 
(Kosobucki et 
al., 2000) and 
scenario does 
not include 
edible 
products. 

Low. Liming 
eliminates 
pathogens 
(Bruce, 1984) 
and human 
contact is 
reduced. 

Low. Liming 
eliminates 
pathogens 
(Bruce, 1984). 
Additionally 
combustion 
process also 
destroys 
microorganism
s 
(Umweltbunde
samt, 2016). 

Low. Liming 
eliminates 
pathogens 
(Bruce, 1984) 
and human 
contact is 
reduced. 

Risk gas 
inhalation 

Low. No 
production of 
gas emissions 
during 
composting 
(Roman et al., 
2015). 

Low. No 
production of 
gas emissions 
during 
composting 
(Roman et al., 
2015). 

Low. No 
production of 
gas emissions 
(Cusidó et al., 
2012). 

High. 
Production of 
burning gases. 
No presence of 
adequate 
furnaces 
increase risk of 
inhalation 
(Saldo et al., 
2008). 

Medium. 
Greenhouse 
emissions are 
associated 
(Irish Water 
n.d.). Effect to 
humans is less 
harmful than 
combustion. 

Environment
al 

Recovered 
material  

High. All 
sludge is used 
to produce 
fertilisers. 
Recovery of 
valuable 
components 
such as 
nutrients and 
organic matter 
(Umweltbunde
samt, 2016). 

High. All 
sludge is used 
to produce soil 
conditioners. 
Recovery of 
valuable 
components 
such as 
nutrients and 
organic matter 
(Sharma et al., 
2017). 

Medium. All 
sludge is used 
and substitutes 
raw materials. 
However, no 
valuable 
components 
(such as 
nutrients and 
organic matter) 
are recovered 
(Strande et al. 
2014). 

Medium. All 
sludge is used 
and substitutes 
raw materials 
(Umweltbunde
samt, 2016). 
However, no 
valuable 
components 
(such as 
nutrients and 
organic matter) 
are recovered. 

Medium. All 
sludge is used 
and substitutes 
raw materials. 
However, no 
valuable 
components 
(such as 
nutrients and 
organic matter) 
are recovered 
(Field trip 
observation). 

Residues  Negligible. No 
sludge or by-
products are 
landfilled (Field 
trip 
observation). 

Negligible. No 
sludge or by-
products are 
landfilled (Field 
trip 
observation). 

Negligible. No 
sludge or by-
products are 
landfilled (Field 
trip 
observation). 

Medium. 
Remaining 
ashes of the 
combustion 
process must 
be disposed of 
(Field trip 
observation). 

All sludge 
finish at landfill 
(Field trip 
observation). 

Occupied land Medium. 
Composting 
has long 
retention times 
associated to 
larger land 
requirements 
(Roman et al., 
2015). 

Medium. 
Composting 
has long 
retention times 
associated to 
larger land 
requirements 
(Roman et al., 
2015). 

Low. Liming 
short retention 
times related to 
low area 
requirements 
(Bruce, 1984)  

Low. Liming 
short retention 
times related to 
low area 
requirements 
(Bruce, 1984)  

Low. Liming 
short retention 
times related to 
low area 
requirements 
(Bruce, 1984)  

Odours Of little 
significance. 
Composting 
produces no 
severe odours 
(Roman et al., 
2015). 

Of little 
significance. 
Composting 
produces no 
severe odours 
(Roman et al., 
2015). 

Of little 
significance. 
Liming 
produces no 
severe odours 
(Lue-Hing et al. 
1995). 

Of little 
significance. 
Liming 
produces no 
severe odours 
(Lue-Hing et al. 
1995). 

Important. 
Landfills 
produce 
unpleasent 
odours (Saldo 
et al., 2008). 



 

 
 

Category Attribute  Agriculture Soil 
conditioning 

Earth-based 
construction 
material 

Non-
carbonised 
briquettes 

Cover 
Landfills 

Transportation Lack of data of 
final place to 
handle sewage 
sludge. 

Lack of data of 
final place to 
handle sewage 
sludge. 

Lack of data of 
final place to 
handle sewage 
sludge. 

Lack of data of 
final place to 
handle sewage 
sludge. 

Lack of data of 
final place to 
handle sewage 
sludge. 

Noise Negligible. 
Sludge 
handling does 
not produce 
noise. 

Negligible. 
Sludge 
handling does 
not produce 
noise. 

Negligible. 
Sludge 
handling does 
not produce 
noise. 

Negligible. 
Sludge 
handling does 
not produce 
noise. 

Of little 
significance. 
Operation of 
landfills can 
produce noise 
(Umweltbunde
samt, 2016). 

Risk heavy 
metal 
emission 

Medium. Low 
concentration 
of heavy 
metals 
however 
possible 
contact with 
soil (EC, 
2002). 

Medium. Low 
concentration 
of heavy 
metals 
however 
possible 
contact with 
soil (EC, 
2002). 

Low. Possible 
immobilization 
of heavy 
metals inside 
structure of 
construction 
material (Lin et 
al. 2012). 

Medium. Low 
concentration 
of heavy 
metals 
however 
possible 
contact with 
soil increase 
the risk (EC, 
2002). 

Medium. Low 
concentration 
of heavy 
metals 
however 
possible risk 
for leachate 
(EC, 2002). 

Risk 
pathogens 
emission 

Medium. 
Possible 
transmission of 
pathogens to 
soil (Roy et al., 
2011) however 
risk reduced by 
composting 
treatment. 

Medium. 
Possible 
transmission of 
pathogens to 
soil (Roy et al., 
2011) however 
risk reduced by 
composting 
treatment. 

Medium. 
Possible 
transmission of 
pathogens to 
soil however 
risk reduced by 
liming 
treatment 
(Bruce, 1984). 

Low. 
Incineration of 
briquettes 
eliminates 
pathogens 
(Umweltbunde
samt, 2016). 

Medium. 
Possible 
transmission of 
pathogens to 
soil however 
risk reduced by 
liming 
treatment 
(Bruce, 1984). 

Risk gas 
emission 

Low. No 
production of 
gas emissions 
(Roman et al., 
2015). 

Low. No 
production of 
gas emissions 
(Roman et al., 
2015). 

Low. No 
production of 
gas emissions 
(Bruce, 1984). 

High. 
Production of 
flue gas 
emissions 
(Saldo et al., 
2008). 

High. 
Production of 
methane (Irish 
Water n.d.). 

Technical Reliability High. Several 
worldwide 
experiences 
(using sewage 
sludge in 
composting) 
(Irish Water 
n.d.) and local 
(producing 
composting). 

Medium. 
Some 
worldwide 
experiences 
(using sewage 
sludge in soil 
conditioning) 
(Irish Water 
n.d.) and local 
(producing 
composting).  

Low. No 
previous cases 
using sludge in 
earth-based 
construction 
methods. 

Medium. 
Some 
worldwide 
experiences 
(using sewage 
sludge in soil 
briquettes) 
(IWMI n.d.; 
Asamoah et al. 
2016). 

Medium. 
Some 
worldwide 
experiences 
(using sewage 
sludge as 
cover for 
landfills) (Irish 
Water n.d.). 

Operability Easy. Region 
already good 
experience in 
composting 
and using 
organic 
fertilisers in 
crops (Field 
trip 
observation). 

Medium. 
Region already 
good 
experience in 
composting. 
However, no 
experience 
using soil 
amendments 
(Field trip 
observation). 

Medium. 
Region has 
experience in 
earth-based 
construction 
methods but 
not 
incorporating 
sludge (Field 
trip 
observation). 

Difficult. Tests 
are necessary 
to determine 
accurate 
combination 
between wood 
chips and dry 
sewage sludge 
(Field trip 
observation). 

Medium. 
Region 
experience in 
landfilling 
coverage but 
not 
incorporating 
sewage sludge 
(Field trip 
observation). 

Sludge 
treatment 
stages 

1 additional 
unit. 
Composting. 
Reduce if 
agreement to 
use municipal 
facilities (Field 
trip 
observation). 

1 additional 
unit. 
Composting. 
Reduce if 
agreement to 
use municipal 
facilities (Field 
trip 
observation). 

1 additional 
unit. Liming 
(Field trip 
observation). 

1 additional 
unit. Liming 
(Field trip 
observation). 

1 additional 
unit. Liming 
(Field trip 
observation). 



 

Category Attribute  Agriculture Soil 
conditioning 

Earth-based 
construction 
material 

Non-
carbonised 
briquettes 

Cover 
Landfills 

Personal 
requirements 

10-20% 
additional 
personnel for 
operation of 
composting 
(Field trip 
observation). 

10-20% 
additional 
personnel for 
operation of 
composting 
(Field trip 
observation). 

10-20% 
additional 
personnel for 
operation of 
liming and 
production of 
blocks (Field 
trip 
observation). 

10-20% 
additional 
personnel for 
operation of 
liming and 
production 
briquettes 
(Field trip 
observation). 

10% additional 
personnel for 
operation of 
liming. No new 
personnel for 
coverage of 
landfill (Field 
trip 
observation). 

Reagents 
consumption 

10-50% 
additional 
requirement of 
reagents 
needed for 
composting 
(Field trip 
observation). 

10-50% 
additional 
requirement of 
reagents 
needed for 
composting 
(Field trip 
observation). 

10-50% 
additional 
requirement of 
reagents 
needed for 
liming (Field 
trip 
observation). 

10-50% 
additional 
requirement of 
reagents 
needed for 
liming (Field 
trip 
observation). 

10-50% 
additional 
requirement of 
reagents 
needed for 
liming (Field 
trip 
observation). 

Energy 
consumption 

<10% 
increase. 
Composting no 
associated 
energy 
consumption 
(artisanal 
process) (Field 
trip 
observation). 

<10% 
increase. 
Composting no 
associated 
energy 
consumption 
(artisanal 
process) (Field 
trip 
observation). 

<10% 
increase. 
Liming no 
associated 
energy 
consumption 
(artisanal 
process) (Field 
trip 
observation). 

<10% 
increase. 
Liming no 
associated 
energy 
consumption 
(artisanal 
process) (Field 
trip 
observation). 

<10% 
increase. 
Liming no 
associated 
energy 
consumption 
(artisanal 
process) (Field 
trip 
observation). 

 

 

  



 

 
 

References used in these SIs: 
Asamoah, B., Nikiema, J., Gebrezgabher, S., Odonkor, E., 2016. A Review on Production, Marketing and Use of 

Fuel Briquettes’. International Water Management Institute. 
http://www.iwmi.cgiar.org/Publications/wle/rrr/resource_recovery_and_reuse-series_7.pdf 

Bruce, A., 1984. Sewage Sludge Stabilisation and Disinfection. Ellis Horwood Limited, England. 
EC (European Commission), 2002. Disposal and recycling routes for sewage sludge Part 3 – Scientific and 

technical report. http://ec.europa.eu/environment/archives/waste/sludge/pdf/sludge_disposal3.pdf 
Cusidó, J. A., Cremades. L., 2012. Environmental Effects of Using Clay Bricks Produced with Sewage Sludge: 

Leachability and Toxicity Studies. Waste Management 32 (6), 1202–1208. 
https://doi.org/10.1016/j.wasman.2011.12.024. 

Irish Water, n.d., National Wastewater Sludge Management Plan. https://www.water.ie/projects-plans/our-
plans/wastewater-sludge-management/. 

IWMI. n.d., Producing Briquettes from Agro-Waste. http://www.iwmi.cgiar.org/Publications/wle/business-
model-profiles/resource-recovery-from-waste-brief-1-briquettes-from-agro-waste.pdf 

Kosobucki, P., Chmarzyński, A., Buszewski, B., 2   . Sewage Sludge Composting. Polish Journal of 
Environmental Studies 9, 243–248. http://www.pjoes.com/Sewage-Sludge-
Composting,87305,0,2.html 

Lin, Y., Shaoqi, Z., Fuzhen, L., Yixiao, L., 2012. Utilization of Municipal Sewage Sludge as Additives for the 
Production of Eco-Cement. Journal of Hazardous Materials 213-214 (Supplement C), 457–465. 
https://doi.org/10.1016/j.jhazmat.2012.02.020. 

Lue-Hing, C., Zenz, R.D., Kuchenrither, R., 1995. Municipal Sewage Sludge: Management, Processing and 
Disposal, Volume IV. CRC Press. 

Saldo, R., Daly, E., Vencovsky, D., Zamparutti, T., Palfrey, R., 2008. Environmental, Economic and Social Impacts 
of the Use of Sewage Sludge on Land. Part II: Report on Options and Impacts. 
http://ec.europa.eu/environment/archives/waste/sludge/pdf/part_ii_report.pdf. 

Sharma, B., Sarkar, A., Singh, P., Singh, R.P., 2017. Agricultural Utilization of Biosolids: A Review on Potential 
Effects on Soil and Plant Grown. Waste Management 64 (Supplement C): 117–132. 
https://doi.org/10.1016/j.wasman.2017.03.002. 

Strande, L, Ronteltap, M., Brdjanovic, D., 2014. Faecal Sludge Management – Systems Approach for 
Implementation and Operation. International Water Association Publishing, London. 

Román, P., Martínez, M.M., Pantoja, A., 2015. Manual Del Compostaje Del Agricultor Experiencias En América 
Latina’. http:  www.fao.org docrep  1  i33  s i33  s.pdf. 

Roy, M.M., Dutta, A., Corscadden, K., P Havard, P., Dickie, L., 2011. Review of Biosolids Management Options 
and Co-Incineration of a Biosolid-Derived Fuel. Waste Management 31 (11):2228–2235. 
https://doi.org/10.1016/j.wasman.2011.06.008. 

Umweltbundesamt, 2016. Technical Guide on the Treatment and Recycling Techniques for Sludge from 
Municipal Waste Water Treatment. 
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/technical_guide_o
n_the_treatment_and_recycling_techniques_for_sludge_from_municipal_waste_water_treatment_0
.pdf 

  

https://doi.org/10.1016/j.wasman.2011.12.024
https://www.water.ie/projects-plans/our-plans/wastewater-sludge-management/
https://www.water.ie/projects-plans/our-plans/wastewater-sludge-management/
https://doi.org/10.1016/j.wasman.2017.03.002


 

7.3 SI for  .1 ‘Co-generating knowledge in nexus research for sustainable 

wastewater management’ 
 

7.3.1 SM1: Expert interview questionnaire assessing information on stakeholder’s 

perspectives. 

General information 

Name of the interviewee: Click here to enter text. 

Name of the institution: Click here to enter text. 

Address: Click here to enter text. 

Email: Click here to enter text. 

Phone number: Click here to enter text. 

 

Sex of the interviewee: Click here to enter text. 

What language(s) do you speak? Click here to enter text. 

Level of education: Click here to enter text. 

 

From the stakeholder category below, please select the one that represents you the best. 

☐ Mayors   ☐ WWTP Operators  ☐ WWTP Managers  

☐ State decision makers  ☐ National decision makers  ☐ National academia  

☐ Private sector   ☐ Local Community  ☐ NGO   

☐ Other. Please specify Click here to enter text. 

 

Social level of problems related to the wastewater management in the region 
of Panajachel/Tepeji 

1. Awareness of the problem 

1.1. How interested are you in the problems related to wastewater management in the 

region of Panajachel/Tepeji? 

(Not interested) 1 ☐ 2 ☐ 3 ☐ 4 ☐ (very interested)   

1.2. How aware are you of the problems related to wastewater management in the 

region of Panajachel/Tepeji? 

(Not aware) 1 ☐ 2 ☐ 3 ☐ 4 ☐ (fully aware)  ☐ Don’t know 

1.3. Please briefly describe the problems related to wastewater management in the 

region of Panajachel/Tepeji. 

    



 

 
 

2. Participation 

2.1. Information sharing  

2.1.1.  How often have you tried to access certain information regarding problems 

related to waste water management in the region of Panajachel/Tepeji? E.g., 

documents, regulations, books 

(Never) 1 ☐ 2 ☐ 3 ☐ 4 ☐ (many times)   ☐  Don’t know 

2.1.2.  How much information is publicly available on wastewater management 

problems in the region of Panajachel/Tepeji? E.g., in the Municipality, Library, online  

(No information) 1 ☐ 2 ☐ 3 ☐ 4 ☐ (all information)  ☐ Don’t know   

2.1.3.  Please specify what kind of information you have been trying to access. If you 

have received the needed information, please briefly describe from 

whom/where you received it. And if not, from whom you did not get the 

needed information. 

 

2.2. Recommendation 

2.2.1.  How many possibilities are there to give recommendations regarding 

wastewater management problems in the region of Panajachel/Tepeji? E.g., 

events, activities or online  

(No possibility) 1 ☐ 2 ☐ 3 ☐ 4 ☐  (Many possibilities)  ☐Don’t know 

2.2.2.  Have your recommendations been taking into consideration? E.g., the 

recommendation was accepted, or the recommendations were unfounded rejected.  

(Not considered) 1 ☐ 2 ☐ 3 ☐ 4 ☐  (Fully considered)  ☐  Don’t know  

2.2.3.  Please specify what kind of possibilities exist. If you have given 

recommendations, what kind of recommendations, where and when?  

 

2.3. Decision-making  

2.3.1.  How interested have you been in being part of the decision-making process? 

E.g., round tables, committees  

(not interested) 1 ☐  2 ☐ 3 ☐ 4 ☐  (very interested)  ☐  Don’t know

   

2.3.2.  To what extent have decisions been taken in a co-decision-making process 

regarding wastewater management problems in the region of 

Panajachel/Tepeji? E.g., on the local or national level 

(Not involved) 1 ☐ 2 ☐ 3 ☐ 4 ☐  (Fully involved)  ☐  Don’t know 

2.3.3.  Please briefly describe in which kind of decision-making process have you 

been involved. And specify the process of how decisions are taken. 

  

3. Social Acceptance 

3.1. How satisfied are you with the current wastewater management in the region of 

Panajachel/Tepeji? E.g., wastewater service, costs 

(Not satisfied) 1 ☐ 2 ☐ 3 ☐ 4 ☐  (Very satisfied) ☐  Don’t know    



 

3.2. How satisfied are the citizens of Panajachel/Tepeji with the wastewater management 

in the region of Panajachel/Tepeji? E.g., smell, other effects of WWTP 

(Not satisfied) 1 ☐ 2 ☐ 3 ☐ 4 ☐  (very satisfied) ☐  Don’t know 

3.3. Please briefly describe why are you (not) satisfied. Why you think the current 

situation is (not) accepted. How do you think can the acceptance of the wastewater 

management be improved



 

 
 

7.3.2 SM2: Wickedness Analysis questions  1 

1 – Goal conflicts 2 

• Are there any conflicting interests related to the problem (e.g., conflicts related to 3 

values, methods, costs)? 4 

• If there are conflicting interests, is there a certain prioritisation of specific interests on 5 

the side of one or all actors concerned? 6 

• Is there a need for tough negotiations to address problems or do the actors instead 7 

have to coordinate their actions? 8 

2 – System complexity 9 

• What types of factors influence the solution to problems (e.g., different solution 10 

options, natural factors, actors, and their interests)? 11 

• Are these factors dynamically evolving (linearly/exponentially)? Is there a need for 12 

models to understand dynamics? 13 

• Are the factors interconnected with each other? And is there a need for decision- 14 

support tools to understand these connections? 15 

3 – Informational uncertainty 16 

• Is there enough information for decision-making or is there a need to gather 17 

additional information? 18 

• If additional information has to be gathered, what types of information are lacking? 19 

• If additional information has to be gathered, is it possible to gather this information 20 

or are there any hindrances (e.g., lacking methods and skills, or financial 21 

restrictions)? 22 
  



 

7.3.3 SM3: Detailed results of the stakeholder perspective of wastewater treatment in each 

case   
 

Table i: Detailed results of the stakeholder perspective of wastewater treatment for Panajachel 

1. General information 
  

From the stakeholder category below,  
please select the one that represents you best: 

 
 Answers 

 
Municipality 1 

 
WWTP Operator 1 

 
WWTP Managers 1 

 
State decision makers 0 

 
National decision makers 1 

 
National academia 1 

 
Privat sector 0 

 
Local community 2 

 
NGO 1 

 
Other  2 

 
Total 10 

 
   
Please indicate your sex 

 
 Answers 

 
Female  4 

 
Male 6 

 
Total 10 

 
 

   
1. Awareness of the problem 

 

 
(1= not interested - 4= very interested) (1= Not aware -4= fully aware) 

Score 

1.1. How interested are you in the problems 
related to wastewater management in the 
region of Panajachel? 

1.2. How aware are you of the problems 
related to wastewater management in the 
region of Panajachel? 

1 0 0 

2 0 0 

3 0 0 

4 10 10 

Do not know   0 

Average score 4.0 4.0 

 



 

 
 

  



 

2. Participation  
  

2.1. Information sharing (1= Never - 4= Many times) (1= No information- 4= all information) 

Score 

2.1.1. How often have you tried to access 
certain information regarding problems related 
to waste water management in the region of 
Panajachel? 

2.1.2 How much information is publicly 
available on wastewater management 
problems in the region of Panajachel?  

1 0 1 

2 1 6 

3 1 1 

4 8 2 

Do not know 0 0 

Average score 3.6 2.4 

   
2.2. Recommendation (1= No possibility - 4= Many possibilities) (1= Not considered - 4= Fully considered) 

Score 

2.2.1. How many possibilities are there to give 
recommendations regarding wastewater 
management problems in the region of 
Panajachel? 

2.2.2. Have your recommendations been 
taking into consideration? 

1 0 3 

2 2 3 

3 2 3 

4 6 1 

Do not know 0 0 

Average score 3.4 2.2 

   
2.3.  Decision-making   (1= not interested - 4= very interested) (1= very participatory - 4= not participatory) 

Score 

2.3.1. How interested have you been in being 
part of the decision-making process?  

2.3.2. To what extent have decisions been 
taken in a co-decision-making process 
regarding wastewater management 
problems in the region of Panajachel? 

1 0 1 

2 0 1 

3 0 3 

4 10 5 

Do not know 0 0 

Average score 4.0 3.2 

   
3. 3. Social Acceptance (1= Not satisfied - 4= Very satisfied) (1= Not satisfied - 4= Very satisfied) 

Score 

3.3.1. How satisfied are you with the current 
wastewater management in the region of 
Panajachel?   

3.3.2. How satisfied are the citizens of 
Panajachel with the wastewater 
management in the region of Panajachel?  

1 8 7 

2 2 3 



 

 
 

3 0 0 

4 0 0 

Do not know 0 0 

Average score 1.2 1.3 

 

  



 

Table ii: Detailed results of the stakeholder perspective of wastewater treatment for Tepeji 

1. General information 
  

From the stakeholder category below, please select the one that represents you 
best: 

 
 Answers 

 
Municipality 3 

 
WWTP Operator 1 

 
WWTP Managers 0 

 
State decision makers 0 

 
National decision makers 0 

 
National academia 0 

 
Privat sector 0 

 
Local community 1 

 
NGO 0 

 
Other  3 

 
Total 8 

    
Please indicate your sex 

 
 Answers 

 
Female  1 

 
Male 6 

 
Total 7 

 
   
1. Awareness of the problem 

 
  (1= not interested - 4= very interested) (1= Not aware -4= fully aware) 

Score 

1.1. How interested are you in the problems related 
to wastewater management in the region of Tepeji? 

1.2. How aware are you of the problems 
related to wastewater management in 
the region of Tepeji? 

1 0 0 

2 0 1 

3 2 1 

4 5 5 

Do not know 0  0 

Average score 3.7 3.6 

 

  



 

 
 

2. Participation  
  

2.1. Information sharing (1= Never - 4= Many times) (1= No information- 4= all information) 

Score 

2.1.1. How often have you tried to access certain 
information regarding problems related to waste 
water management in the region of Tepeji? 

2.1.2 How much information is publicly 
available on wastewater management 
problems in the region of Tepeji?  

1 0 1 

2 2 4 

3 1 0 

4 4 1 

Do not know 0 1 

Average score 3.3 1.9 

   
2.2. Recommendation (1= No possibility - 4= Many possibilities) (1= Not considered - 4= Fully considered) 

Score 

2.2.1. How many possibilities are there to give 
recommendations regarding wastewater 
management problems in the region of Tepeji? 

2.2.2. Have your recommendations been 
taking into consideration? 

1 0 0 

2 0 3 

3 5 1 

4 1 3 

Do not know 1 0 

Average score 2.7 3.0 

   
2.3.  Decision-making  (1= not interested - 4= very interested) (1= very participatory - 4= not participatory) 

Score 

2.3.1. How interested have you been in being part 
of the decision-making process?  

2.3.2. To what extent have decisions been 
taken in a co-decision-making process 
regarding wastewater management 
problems in the region of Tepeji? 

1 0 0 

2 0 1 

3 1 4 

4 6 2 

Do not know 0 0 

Average score 3.9 3.1 

   
3. 3. Social Acceptance  (1= Not satisfied - 4= Very satisfied) (1= Not satisfied - 4= Very satisfied) 

Score 

3.3.1. How satisfied are you with the current 
wastewater management in the region of Tepeji? 

3.3.2. How satisfied are the citizens of 
Tepeji with the wastewater management in 
the region of Tepeji? 

1 0,5 4 

2 2 2 

3 0 0,5 



 

4 3,5 0,5 

Do not know 0 0 

Average score 2.6 1.6 

 

  



 

 
 

7.3.4 SM4: Detailed responses to the workshop/training evaluations 
 

Table iii: Results of the evaluation of Workshop 1 in Panajachel (“Sustainability of wastewater systems: current and future 

perspectives – an assessment workshop” in Panajachel, Guatemala, from 20–23 March 2018 [42]) 

   
1.1 From the stakeholder category below, please select the one that 
represents you best: 

 
 Answers 

 
Government official 5 

 
Civil society 3 

 
Private sector 3 

 
Academic 10 

 
Other (1 NGO) 4 

 
Total 25 

 

  
1.2 Please indicate your sex 

 
 Answers 

 
Female  11 

 
Male 14 

 
Total 25 

 
 

2. General evaluation (1 = poor – 5 = excellent) 
    

Score 

2.1 What is 
your overall 
assessment of 
the workshop?  

2.2 How do 
you assess 
the 
organization 
of the event? 

2.3 How do 
you rate the 
balance of 
presentations 
and breakout 
sessions? 

2.4 How do 
you rate the 
quality of the 
presentations? 

2.5 How do you 
rate the quality 
of the discussion 
sessions? 

2.6 How do 
you rate the 
quality of 
the 
interactive 
sessions? 

1 0 0 0 0 0 0 

2 1 2 1 1 1 0 

3 4 4 6 4 3 5 

4 7 5 6 10 9 7 

5 13 14 12 9 12 13 

Average score 4.3 4.2 4.2 4.0 4.3 4.3 

 

  

https://flores.unu.edu/en/events/archive/workshop/sustainability-of-wastewater-systems-current-and-future-perspectives.html#overview
https://flores.unu.edu/en/events/archive/workshop/sustainability-of-wastewater-systems-current-and-future-perspectives.html#overview


 

3. Usefulness of the workshop (1 = no – 5 = yes) 
    

Score 

3.1 Did the 
workshop 
help you in 
understanding 
the nexus 
approach? 

3.2 Did the 
workshop 
help you in 
understanding 
the 
complexity of 
the problem? 

3.3 Did the 
workshop 
help you in 
understanding 
the 
dimensions of 
sustainability? 

3.4 Did the 
workshop help 
you in 
understanding 
the assessment 
framework of 
sustainability of 
wastewater 
systems? 

3.5 Did the 
workshop 
help you in 
identifying 
sustainable 
management 
options for 
wastewater 
and sludge? 

3.6 Will you 
be able to 
use what you 
have learnt in 
your work? 

1 1 0 1 0 3 2 

2 0 0 0 1 1 3 

3 7 1 4 3 4 1 

4 5 8 7 7 8 5 

5 12 16 13 14 9 14 

Average score 4.1 4.6 4.2 4.4 3.8 4.0 

 

3.8 Which 2 topics or aspects of the workshop did you find most interesting? 

Interactive activities Analytical framework, reference information, documents 
etc. 

International experiences Quality of the wastewater and wastewater treatment 

Main actors, pollution, social conflict  Water management, sludge management (2x) 

Sustainability, wastewater treatment  Sludge disposal, water disposal  

Dimensions of sustainability Creating a common basis for the social problems, Laura’s 
presentation (on sludge management options)  

The visioning exercise, analysis of actions To talk about the problem, keeping in mind the technical 
part  

Sustainability analysis, implementation guide  Wastewater reuse, sustainability  

The focus of the different activities (economic, social, 
environmental, technical),the analysis of the problem  

Wastewater treatment in other countries, the status of the 
lake  

Integrated water resource management, sustainability of 
wastewater treatment systems  

Technical, management  

Problem analysis, international solutions  The focus on the transversality of the social, technical, 
environmental, and economic spheres  

Sustainability of the systems, analysis of the current and 
future situations  

Current base line, applied sustainable technologies  

 

3.9 Which 2 topics or aspects of the workshop did you find least interesting? 

Management None 

Recommendation to actors/ currently low  Interactive game (bear and hunter) 

Water management  Organization, development  

All aspects are important  Interactive activities 

The presentations I think everything is interesting 



 

 
 

Not applicable Political topics 

I do not find any least interesting topic  Everything is interesting 

Expectations of the workshop  

 

  



 

4. Further information 

    
More time for the presentations 

More time prior to the event for invitations and organization 

Specify solutions and focus on the thematic  

More field visits  

Punctuality  

Congratulations to the event 

Design and planning of wastewater treatment plants, methods for  
sludge treatment  

The order of activities: first discuss the technical issue, then visit the  
treatment plant and then to continue with the used methodology  

Invite local actors that know the local situation  

A workshop with a lot of learning, would be good to expand it further  

Very long sessions, they could be done in less time  

 

Table iv: Results of the evaluation of the Workshop 2 in Panajachel “Sustainability of Wastewater Systems – Presentation of 

Options” in Panajachel, Guatemala, from 2-4 July 2019 [44]; total respondents = 39. 

Score 

What is your overall 
assessment of the 
workshop? 

How do you assess 
the organization of 
the event? 

How do you rate the 
balance of 
presentations and 
breakout sessions? 

How do you rate 
the quality of the 
presentations? 

How do you rate 
the quality of the 
breakout sessions? 

1 0 0 1 1 1 

2 3 4 1 0 2 

3 8 6 9 11 6 

4 17 14 19 16 16 

5 11 15 9 11 14 

Average 3.9 4.0 3.9 3.9 4.0 

 

  

https://flores.unu.edu/en/events/archive/workshop/sludgetec-closing-workshop-sustainability-of-wastewater-systems-presentation-of-options.html#overview
https://flores.unu.edu/en/events/archive/workshop/sludgetec-closing-workshop-sustainability-of-wastewater-systems-presentation-of-options.html#overview


 

 
 

Table v: Results of the evaluation of Workshop 1 in Tepeji (“Wastewater irrigation in the Mezquital Valley, Mexico: Solving 

a century-old problem with the Nexus Approach” in Tepeji, Mexico, from 15–17 March 2017 [41] 

1. General information 
   

1.1 From the stakeholder category below, please select the 
one that represents you best: 

  
 Answers 

 
Government official 1 

 
Civil society 5 

 
Private sector 2 

 
Academic 6 

 
Other 0 

 
Total 14 

      
1.2 Please indicate your sex 

  
 Answers 

  
Female  9 

  
Male 5 

  
Total 14 

  
 

2. General evaluation (1 = poor – 5 = excellent) 
   

Score 

2.1 What is 
your overall 
assessment of 
the workshop?  

2.2 How do you 
assess the 
organization of 
the event? 

2.3 How do you 
rate the balance of 
presentations and 
breakout sessions? 

2.4 How do you 
rate the quality 
of the 
presentations? 

2.5 How do you 
rate the quality 
of the breakout 
sessions? 

1 0 0 0 0 0 

2 0 0 0 0 0 

3 0 0 1 2 1 

4 4 3 3 2 6 

5 10 11 10 11 8 

Average 4.7 4.8 4.6 4.9 4.8 

 

3. Usefulness of the workshop (1 = no – 5 = yes) 
   

Score 

3.1 Did the 
workshop help you 
in understanding the 
nexus approach? 

3.2 Did the 
workshop help 
you in 
understanding the 
complexity of the 
problem? 

3.3 Did the workshop 
help you in identifying 
sustainable management 
options for wastewater 
and sludge? 

3.4 Will you be able 
to use what you have 
learnt in your work? 

 
1 0 0 0 0 

 
2 0 0 0 0 

 
3 0 0 1 0 

 

https://flores.unu.edu/en/news/news/sustainable-management-options-for-the-mezquital-valley-in-mexico.html#info
https://flores.unu.edu/en/news/news/sustainable-management-options-for-the-mezquital-valley-in-mexico.html#info


 

4 4 3 3 3 
 

5 9 11 10 10 
 

Average 4.4 4.8 4.6 4.4 
 

 

  



 

 
 

3.5 Which 2 topics or aspects of the workshop did you find most interesting? 

· Treated WW reuse. (2x) · Wastewater use effects and resistance of microorganisms 
to antibiotics. 

· Training for children in schools. Awareness raising. · Eco-technologies (Wetlands) y use of antibiotics 
(Resistance). 

· Wastewater and sludge management. · Treated water for irrigation / benefit-cost and use of 
wastewater as a resource. 

· Sludge management and benefits of treated water. · Awareness raising of benefits of water reuse. 

· Use of constructed wetlands for wastewater treatment and 
decentralized treatments. 

· Sustainable use of water and resistance genes. 

· Interaction between different society actors. · Use in agriculture and sanitation for the plants. 

 

3.6 Which 2 topics or aspects of the workshop did you find least interesting? 

· There are no least interesting topics. (2x) · Everything was interesting. (3x) · Sludge incineration. 

· Wetlands, their benefits, and construction. · Sludge.  

 

4. Further information 
    

4.1 Please suggest improvements for future events of the organizers 
 

· Include Ejidatarios in the workshop. · Congratulations! I also suggest inviting more people for this 
kind of workshops.  

· Excellent workshop! · I suggest giving more practical cases, less theory, and more 
field experiences.  

 

· More participation of local people (farmers and 
consumers) in trainings. (2x)  

· I would have liked to see the fieldwork already applied to the 
processes. 

· More participation of industry and academic sector. · It was well organized, and it had an excellent location. 

 · More awareness raising. 

 

 

 

  



 

Table vi: Results of the evaluation of Workshop 2 in Tepeji (“Sustainability of Wastewater Systems” in Tepeji, Mexico, from 

12-16 November 2018 [43]) 

1. General information 

     
1.1 From the stakeholder category below, please select the one that represents 
you best: 

  
 Answers 

  
Federal decision makers 1 

  
National decision makers 1 

  
Plant operator 2 

  
Private sector 2 

  
Local community 4 

  
Municipality 2 

  
Other 7 

  
Total 19 1 multiple answer 

 

      
1.2 Please indicate your sex 

  
 Answers 

 
Female  5 

 
Male 12 

  
Total 17 1 forgot to specify sex 

 
 

Score 

2.1 What is your 
overall 
assessment of the 
workshop?  

2.2 How do you 
assess the 
organization of 
the event? 

2.3 How do you 
rate the balance of 
presentations and 
discussion 
sessions? 

2.4 How do you 
rate the quality of 
the 
presentations? 

2.5 How do you 
rate the quality of 
the interactive 
sessions? 

1 0 0 0 0 0 

2 0 0 0 0 0 

3 1 0 1 0 0 

4 5 4 7 4 5 

5 12 13 10 14 13 

Average  4.6 4.5 4.5 4.8 4.7 

 

  

https://flores.unu.edu/en/events/archive/workshop/sludgetec-closing-workshop-sustainability-of-wastewater-systems.html#overview


 

 
 

 

3. Usefulness of the workshop (1 = no – 5 = yes) 

Score 

3.1 Did the 
workshop help 
you in 
understanding 
the nexus 
approach 
about the 
integrated 
environmental 
resource 
management? 

3.2 Did the 
workshop 
help you in 
understanding 
the 
sustainability 
of current 
solutions? 

3.3 Did the 
workshop 
help you in 
understanding 
the 
stakeholder 
network? 

3.4 Did the 
workshop 
help you in 
understanding 
the 
complexity of 
the problem 
(and how is 
this 
complexity 
addressed)? 

3.5 Did the 
workshop 
help you in 
identifying 
sustainable 
management 
options for 
wastewater 
and sludge? 

3.6 Did the 
workshop 
help you in 
identifying 
how to 
implement 
the 
identified 
solutions? 

3.7 Will you 
be able to use 
what you have 
learnt in your 
work? 

1 0 0 0 0 0 0 0 

2 0 0 0 0 1 0 0 

3 1 0 1 1 2 2 0 

4 5 3 2 4 5 6 7 

5 12 14 15 13 10 9 11 

Average  4.6 4.6 4.8 4.7 4.3 4.2 4,6 

 

  



 

Table vii: Results of the evaluation of the Technical Training (Training on “Basic Knowledge for the Operation and 

Maintenance of Wastewater Treatment Plants” 13-17 August 2018, Tepeji, Mexico) 

1. General information 
   

1.1 From the stakeholder category below,  
please select the one that represents you 
best: 

  
 Answers 

  
Plant manager 2 

  
Plant operator 2 

  
Local community  2 

  
Mayor 1 

  
National academy 1 

  
Other 3 

  
Total 11 1 multiple answer 

 

    
1.2 Please indicate your sex 

  
 Answers 

  
Female  3 

  
Male 7 

  
Total 10 

  
 

2. General evaluation (1 = poor – 5 = excellent) 

Score 

2.1 What is 
your overall 
assessment of 
the workshop?  

2.2 How do 
you assess the 
organization 
of the event? 

2.3 How do you 
rate the balance of 
presentations and 
discussion 
sessions? 

2.4 How do you 
rate the quality 
of the 
presentations? 

2.5 How do 
you rate the 
quality of the 
discussion 
sessions? 

2.6 How do you 
rate the quality 
of the 
interactive 
sessions? 

1 0 0 0 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 2 1 3 1 3 1 

5 8 9 7 9 7 9 

Average  4.8 4.9 4.7 4.9 4.7 4.9 

 

  

https://flores.unu.edu/en/events/archive/other-event/training-on-basic-knowledge-for-the-operation-and-maintenance-of-wastewater-treatment-plants.html#overview
https://flores.unu.edu/en/events/archive/other-event/training-on-basic-knowledge-for-the-operation-and-maintenance-of-wastewater-treatment-plants.html#overview


 

 
 

3. Usefulness of the workshop (1 = no – 5 = yes) 

Score 

3.1 Did the 
workshop help 
you in 
understanding 
the various 
treatment 
concepts? 

3.2 Did the 
workshop help 
you in 
understanding 
the complexity 
of the 
operation of 
several 
treatments of 
wastewater in 
a plant? 

3.3 Did the 
workshop help 
you in 
understanding 
the monitoring 
and 
documentation 
of the 
operation? 

3.4 Did the 
workshop help 
you in 
understanding 
the 
technologies of 
small/decentral
ized plants? 

3.5 Did the 
workshop help 
you in 
identifying 
sustainable 
management 
options for 
wastewater and 
sludge? 

3.6 Could you 
apply what 
you have 
learned in 
your work? 

1 0 0 0 0 0 0 

2 0 0 0 0 0 0 

3 0 0 1 1 0 1 

4 0 1 0 1 1 0 

5 10 9 9 8 9 9 

Average  5.0 4.9 4.8 4.7 4.9 4.8 

 

 

  



 

8 Contribution of the author in collaborative publications 
 

The author has conceived the idea and contributed to the collection and analysis of the data as well 

as to the writing and critical revision of the publications in the following manner: 

 

 Study 

conception & 

design 

Acquisition of 

data 

Analysis and 

Interpretation 

Drafting of 

Manuscript 

Critical 

revision 

2.1 x Roidt x Roidt x 

2.2 Avellan & 

Roidt 

Emmer, von 

Koerber 

x x x 

3.1 x Gremillion x x x 

3.2 x Gremillion x x x 

4.1 x Benavides x Benavides x 

4.2 Ferrans & 

Avellan 

Ferrans x Ferrans x 

5.1 x x x x x 

5.2 Avellan & 

Caucci 

Benavides, 

Hahn, Kirschke 

Benavides, 

Hahn, 

Kirschke, 

Müller, Avellan 

x x 
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