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Abstract 

In the water utility sector, traditional asset management focusses on the maintenance and 

provision of physical assets (infrastructure) that allow water companies to deliver their services, 

meet their customers’ expectations and achieve their economic objectives. Nevertheless, the 

serviceability of the sector heavily depends on natural elements (e.g. rain, land).  

The importance of Natural Capital (i.e. the natural systems and their deriving ecosystem services) 

has been at the core of policy recommendations which have shaped regulatory changes in the 

water sector of England and Wales. Water companies are now required to explicitly account for 

and report their inter-dependencies on the natural environment and adopt systems-oriented 

approaches in their Asset Management Programmes (AMPs). These reforms will enable the sector 

to become resilient to the environmental and societal challenges faced at urban and rural contexts.  

Responding to the regulatory demands, the research introduces a novel and structured approach 

for integrating natural capital in the asset management portfolio of the water industry. The work 

is built on a transdisciplinary research framework and demonstrates that a new scale needs to be 

considered for the implementation of Holistic Asset Management: the water basin or catchment.  

A Catchment Metabolism modelling schema was created, grounded on the principles of Integrated 

Catchment Management and ecosystems services. The schema is based on the robust synthesis of 

concepts, tools and methods from a spectrum of disciplines. These include Industrial Ecology, 

Water Accounting, Environmental Regional Input-Output Analysis, hydrology, software 

engineering and functional modelling.  

Catchment Metabolism introduces a holistic perspective in asset management and expands its 

scope. The schema enables the conceptualisation, modelling and management of catchments as 

complex asset systems. It, thus, forms the ground for structured collaboration among experts for 

integrated water resources planning and decision-making. The schema allows for the design and 

implementation of catchment-based strategies and the assessment of their environmental 

performance. An industrial case study for a pilot catchment system (Poole Harbour Catchment) is 

used to demonstrate the application of the Catchment Metabolism. Alternative strategies for 

nitrogen pollution mitigation are assessed. The application of winter cover crops across the 

catchment appears to be the optimum strategy.  

The case study demonstrates the practical and modular implementation of the schema, reveals its 

methodological strengths and limitations and evaluates its applicability in the asset management 

planning and decision-making of the water sector.  
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Chapter 1: Introduction 

1. Background 

Water is one of the most important substances on our planet and of essence for the preservation 

of life and human well-being, while playing a central role to economic growth. Yet, water is a rather 

scarce natural resource, irregularly distributed in space and time and exposed to numerous 

pressures in terms of its quantitative and qualitative status. Climate change, population growth, 

urbanisation, intensification of agriculture, deforestation and pollution place major threats on 

water, while the slow travel times of the perpetual natural and virtual water cycles may result in 

intergenerational disputes and urges the need for long-term strategies. Integrated Water 

Resources Management (IWRM) plays an important role in balancing out the sustainable 

exploitation and allocation of the available resources while meeting the ever increasing water 

demand.  

The United Nations World Water Development Report of the World Water Assessment 

Programme (UN, WWAP 2012) divides water resources management intro three broad activity 

categories: managing the resource, managing water services and managing the trade-offs needed 

to balance supply and demand. The complexity of water management, combined with a rapidly 

changing natural environment and the uncertain socio-economic context, urges the design and 

implementation of smart strategies through effective actions. The concept and principles of IWRM 

are highly important to address the complexity; the challenge is to establish an effective approach 

to implementation with emphasis on the delivery of adequate services (Rouse 2013).  

In England and Wales, the Water Act 1973 established a vertical, fully integrated model in 

regards to water supply and wastewater management. This includes all aspects of these main 

services: water resources planning, water and wastewater treatment and distribution and 

customer service. Ever since the privatisation of the industry in 1989, ten water and sewerage 

limited companies and thirteen water-only companies serve England and Wales. Water and 

sewerage companies have been effective in delivering significant improvement to their customer 

service, whilst meeting environmental and regulatory obligations. The achievements of the sector 

are based on significant investments on asset (infrastructure) projects. According to OFWAT 

(2006), in the period 1989-2004, water industry invested over £50 billion on capital, while their 

capital investment programme reaches £16.8 billion on an annual basis, in order to deliver service 

improvements and maintain existing asset systems. Thus, in the UK water utility sector, the 
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provision and maintenance of physical assets (infrastructure) has, to date, been the focal point of 

asset management strategies and planning, as a successful mechanism to meet their customers’ 

expectations and achieve their economic objectives.  

Nevertheless, the serviceability of the commodity industries, including those of the water 

sector, heavily depends on the provision of natural elements or assets (e.g. rain, land), as they may 

have a major impact on them either directly or through their supply chains. The poor management 

of the Natural Capital (i.e. the world’s natural systems and their deriving services) has been related 

to catastrophic consequences on ecosystems productivity, human wellbeing and financial 

resiliency (Natural Capital Initiative 2015). In these grounds, the Natural Capital Declaration (NCD, 

UNEP 2012) demonstrated the willingness and commitment of financial institutions of the private 

and commodity sectors to integrate Earth’s natural assets in their reporting, accounting and 

decision-making. A considerable number of business initiatives have emerged since, aiming at the 

integration of natural capital in financial decision-making with special focus on awareness raising, 

business encouragement and publications (Maxwell et al. 2014). 

An essential action requested under the NCD is for companies to disclose the nature of their 

dependence and impact on Natural Capital through transparent qualitative and quantitative 

reporting. Several policy initiatives (e.g. UN System for Environmental-Economic Accounting, SEEA) 

and programs (e.g. World Bank Wealth Accounting and Valuation of Ecosystem Services, WAVES, 

https://www.wavespartnership.org/) provide a basis for resources accounting by raising the 

relevance between environmental and financial accounting, but mainly focusing on the economic 

valuation of natural capital and ecosystem services. Yet, limited work has been done in regards to 

the development of a standardised approach for the integration of the accounting methods into 

systems modelling that would allow for the reporting and accounting of the mutual relationships 

among built, financial and natural assets.  

The development of such methodologies would prove particularly important for the water 

sector, especially in response to policy demands. In the past years, there has been a drive by 

regulators across Europe to improve the quality of the aquatic environment, in response to the 

Water Framework Directive (WFD, EC 2000/60). The ventures towards achieving the WFD goals 

created a growing case for studying and understanding the dependencies that water industries 

have on natural assets, risks and opportunities associated with this relationship and their real 

value. In order to adapt to current challenges, the UK water sector is officially encouraged to 

become more resilient by reforming their asset management practices, adopting integrated 
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approaches and achieving balance between financial costs and environmental impacts (Defra 

2016; OFWAT 2015a; OFWAT 2015b; UKWIR 2014).  

This research contributes to the expansion of the scope of asset management in the water 

sector, by introducing a novel methodological approach and modelling schema. The underpinning, 

transdisciplinary work demonstrates that a new scale for the implementation of asset 

management needs to be considered: the water basin or catchment. Within these natural, spatial 

boundaries water companies can study and report on the interdependent relations and impacts of 

the built capital (physical assets) on the natural environment.  

Drawing from literature from a spectrum of disciplines, the modelling schema allows for the 

design and implementation of asset management strategies at a catchment scale and the 

assessment of their environmental impacts. In order to evaluate the approach, the research is 

undertaken for a pilot catchment in collaboration with Wessex Water Services Ltd. The application 

of the methodology developed for an example catchment justifies whether land management 

approaches are more efficient, in terms of their environmental performance, in achieving desired 

water quality status for catchment systems. The research highlights new investment paths and 

facilitates communication among water companies and their regulators and external stakeholders. 

Its outcomes will be embodied in the strategic plan of the industrial partner for the next asset 

management programme (AMP7, 2020-2025) and price review (PR19). 

The research provides a novel, comprehensive and structured methodology for holistic and 

resilient asset management planning in the water sector. It allows the integration of natural capital 

in the asset management portfolio of the water industry and expands the scope of asset 

management so that the catchments are modelled and managed as asset systems. In detail, the 

undertaken research: 

 Introduces the catchment as a unit of analysis for asset management purposes. 

 Presents a modelling schema which allows to model the catchment as a complex, hybrid asset 

system. The schema is formulated on a structured and transparent basis, which enables its 

reproducibility for multiple systems and facilitates communication among experts and 

stakeholders.  

 Builds a systems model for flow accounting at a catchment scale. The model maps the water 

regime and demand for different actors of the catchment. Mass balance equations and indexes 

from water and environmental accounting form its mathematical structure. The model can serve 

as a structure to map and account for other environmental and economic flows within the 

catchment boundaries. 
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 Addresses and tests the use of indexes common in supply chain and product systems management 

for their applicability for catchment-based studies. The metrics are embedded in the systems 

model and are used for the quantification of the environmental outputs of alternative strategies 

at a catchment scale. 

The work is driven by the UK national policy demands for integrated and resilient asset 

management. It is, however, relevant in an international context, as it contributes a novel 

approach for integrated water and asset management. It builds on a unique combination of 

concepts and methods that have never been applied before to serve asset management purposes. 

The research responds to the demand for approaches that allow for transparent reporting on the 

dependencies of the water sector on natural assets. The detailed mapping of catchment systems 

highlights areas of improvement for individual subsystems and enables the analysis of trade-offs, 

supporting decision-making.  

2. The Fugue: a metaphor for the doctorate 

The author’s view of the doctoral research is that is can –metaphorically- be described as a fugue. 

Fugue (or Fuga) is a contrapuntal, polyphonic, sophisticated style of music composition in two or 

more voices (The Concise Oxford Dictionary of Music, Kennedy and Bourne-Kennedy 2013). It is 

built on one (or more) subject(s) - ‘theme(s)’, which are introduced in the beginning and recur 

frequently in the course of the composition, sounded successively in each voice. Although a fugue 

usually has three sections (exposition, development and recapitulation), many of their entities (e.g. 

episodes, tonic) are altered to serve the artistic outcome. In this sense, a fugue is a style of 

composition rather than a fixed structure.  

The two compartments –fugue and the doctoral research- share structural characteristics. The 

theme of this research fugue is ‘water’. The subject is sounded by four voices (aka disciplines): 

asset management, environmental science, sustainability and water policy. Each of them has a 

different and unique insight into the topic of water. The balanced combination of their ‘views’ and 

the careful selection of tools which represent their particular joints, will result to a holistic 

approach to water management at a catchment scale.  

In order to achieve this balanced combination of the distinct voices –or viewpoints- without 

confusion, a structured approach to the research problem should be followed. A way to facilitate 

this process is to duplicate the unofficial framework (sequence of steps) as undertaken by a pianist 

who studies a music piece – in this case, a fugue. Practice has shown that the more structured the 

study approach, the more efficient it proves for the musician in terms of knowledge assembly 



 5 

throughout the process and time required to deliver the music outcome. This process resembles 

to constructing a musical jigsaw puzzle, piece by piece. Thus, when studying a fugue written for 

piano (aka two hands, 3, 4 or 5 voices) the steps undertaken are described as follows: 

1. Assort the structural features (the metabolism) of the fugue. The main step is to mark the theme 

appearances, as the theme needs to be distinguishable and sounded throughout the fugue.  

2. Assort the parts/notes sounded by each of the voices and then study each voice separately. This 

step finishes when one can perform each of the voices individually. 

3. Combine the voices in pairs. For a fugue where four voices are sounded, the potential 

pairs/combinations are: Soprano and Alto, Soprano and Tenor, Soprano and Bass, Alto and Tenor, 

Alto and Bass, Tenor and Bass.  

4. Study each hand separately. In this step, the accumulated work of the three previous steps proves 

very useful as it facilitates the process. It is like an ‘evaluation’ step, where one establishes the 

work of step 3 and adds to it several bits, if necessary. By the end of this step, one should be able 

to perform each single hand individually.  

5. Combine the two hands to sound the fugue as a whole. In this step, all voices of the fugue are 

sounded together to deliver the musical outcome. It is essential to maintain the particular features 

of each of the voices comprising the music piece and to balance their sound. Further to this, special 

attention should be paid to the rendition of the structural features of the fugue: the theme should 

be sounded at each of its appearances, whilst the rest of the structural features (e.g. ‘bridge’) 

should be performed accordingly.  

The use of the fugue metaphor to describe the undertaken research suggests the complexity of 

water-related research and that for the completion of the work a knowledge assembly from 

various fields –voices of the fugue- is required. Further, the meticulous and structured approach 

towards performing a fugue has been inspirational for the development of the methodology 

introduced through the research. It also inspired and formulated the individual steps undertaken 

for the creation of the linkages between or among disciplines, during the creation of the 

methodologies underpinning the research. 

The following chapters aim to provide an insight at the diverse viewpoints relating to the theme 

of the fugue (water) and introduce the structure and building process of the comprehensive 

methodology (Chapter 5; Chapter 6). As such, a multi-discipline literature review follows (Chapter 

2) and the research approach is presented (Chapter 3). The modelling schema created is tested on 

an example case study (Chapter 4) and its outputs (Chapter 6) are discussed (Chapter 7) to highlight 

the novelty of the work (Chapter 8) and reveal future research challenges.  
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Chapter 2: Literature Review 

Chapter 2 sets the scene for the research undertaken. It provides an overview of the up to date 

literature on the topics relevant to the doctoral research. Also, a gap analysis is performed, aimed 

at highlighting the areas of improvement of the existing literature. The structure of the chapter 

reflects the rationale adopted and the steps undertaken throughout the research process.  

The research outputs are policy-driven and are intended to inform the asset management 

strategies of the water sector. Thus, a policy requirement analysis is firstly performed, outlining 

the regulatory demands for the water sector in England and Wales and setting the foundation of 

the research. Then, the notion of asset management in introduced, in order to establish the 

terminological grounds of the work. The policy demands the development of systemic asset 

management strategies to drive the selection of life cycle management tools as the basis of the 

methodology created for the research. The knowledge gaps in regards to the scale and focus of 

both asset management strategies and life cycle management tools lead to the introduction of a 

new scale of focus for their joint application. The catchment (or watershed) is selected for the 

creation of a novel approach to strategic asset management in the water sector, as a scale where 

a holistic perspective on decision-making can be adopted.  

2.1. Regulatory bodies & Policy Requirement Analysis for the 

Water Sector in England and Wales 

The Water Sector in England and Wales (henceforth referred to as Water Sector) is among the 

most heavily regulated industries in the United Kingdom and is regarded by most observers as 

efficient and well managed (OFWAT 2006). Since the privatisation of the sector in 1989 (Water Act 

1989), water companies in England and Wales have been privately owned. Although the type of 

ownership varies, the sector largely operates as a monopoly industry, with each water company 

covering a fixed geographical area. To ensure the interests of customers and the environment were 

secured, privatisation led to the reconstruction and, effectively, to the separation, of the roles of 

the regulation and provision of water and sewerage services (Hainsworth and Salvi 2014). Three 

separate, independent bodies were established to regulate the activities of the water and 

sewerage companies. These cover three main pillars: environmental regulation, economic 

regulation, customer provision. The Department for Environment, Food and Rural Affairs (DEFRA) 

monitors a wide spectrum of water issues via two mechanisms with distinct focal areas: the 

Drinking Water Inspectorate (DWI) which scrutinises the quality of drinking water and the 
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Environment Agency (EA) which controls issues related to environmental regulations and quality 

standards. Ofwat is the economic regulator of the water sector, whose role is to perform the 

balancing act between investment needs and affordable water bills and ensure the quality of the 

provided water services. The Customer Council for Water (CCWater) is not an official regulator, 

but rather a, independent public body representing the customers’ views and offering impartial 

advice on water issues.  

One of the main elements of water regulation is the price setting process, which is coordinated 

by Ofwat in five-yearly cycles, which are refereed as Asset Management Planning (AMP) periods 

or Price Review (PR) process. The annotation widely used to describe the price review process is 

PR followed by the year in which the prices are agreed. Currently, the water industry operates on 

the AMP6 (the sixth asset planning period since the privatisation of the industry) and on the plans, 

costs and charges agreed for the PR14. The PR14 initiated a more customer-oriented approach 

from water companies which encouraged service providers to focus on further developing what 

was considered as priority by their customers. It also introduced the ‘Total Expenditure’ (or totex) 

approach to cost and investment, moving away from the favourable financial treatment for capital 

expenditure (or capex). The totex approach enables the water sector to re-design their AMPs and 

shift their focus on both financial and natural systems in order to satisfy the priorities of different 

customer groups as identified in the extensive customer engagement programme launched by the 

sector as part of the ‘outcome’ concept strategy.  

Over the years, a number of Parliamentary Water Acts outlined the duties and obligations of 

the ‘water undertakers’. The strategies developed and adopted by the water sector were aimed at 

reflecting their statutory duties: predict customer needs, promote effective competition and 

ensure efficient finance for companies (OFWAT 2015a). Recently, the Water Act 2014 introduced 

the ‘Resilience Objective’ which is defined as “securing the resilience of both water systems and 

services, in the long term, without compromising the natural environment” and includes issues of 

both supply and demand. Interestingly, reliability of services, resilience and protection of 

ecosystems had also been identified as customers’ priorities for the PR14 process (Table 2.1.).  

Further consultation documents (OFWAT 2015b) reinforce the regulatory view on customer 

engagement and the maintenance of resilience for both financial and natural systems. The ‘Trust 

in Water’ or ‘Water2020 Regulatory Framework’ encourages water companies to design optimal 

options for resilience through strategic, regional, cross-sectorial planning. Water resources 

planning is placed at the centre of interest to achieve these optimal solutions, especially in regards 

to the market reform following in 2017. The development of information data bases for water 
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accounts would provide new and better information on the water use and demand and serve as 

the basis for new conceptual frameworks for resource bidding options.  

Table 2.1.: Summary of Policy Requirement Analysis. Resilience and the development of systemic approaches 
are identified as priorities for the regulatory bodies of the water sector in England and Wales. The consideration 
of ecosystems in strategic planning would enable the sector to meet their resilience duty, whilst responding to 
the European water regulatory demands. 

Regulation/ 

Consultation Water 

Framework 

Directive 

(EC/2000/60) 

Price 

Review 14 

(AMP6) 

Water 

Act 

2014 

Consultation 

Resilience 

(Ofwat 

2015a) 

Trust 

in 

Water 

(Ofwat 

2015b) 

Roadmap 

to 

Resilience 

(Defra 

2016) 
Demand for 

Resilience       

Systemic 

Approaches       

Catchments  (Phase 1)      

Ecosystems  (Phase 1)      

Water 

Accounting  (Phase 2)      

The ‘Roadmap to Resilience’ report (Defra 2016) clearly states that the sector needs to 

undertake water resources planning frameworks adopting a long term, national view and 

embracing systems’ resilience. The water sector is now incentivised to enhance the resilience of 

catchment systems, in an attempt to increase the water availability without putting the natural 

environment at risk. As part of the process of creating catchment-based frameworks, water 

companies need to develop structured and accurate databases for the catchments’ water regimes. 

This information is essential to tailor approaches in order to manage access based on the 

consideration of whole-life costs and benefits. Further, the development of water accounts would 

enable the implementation of the second phase of the Water Framework Directive (WFD, 

EC/2000/60) and of the River Basin Management Plans (RBMPs). This includes the creation of an 

inventory of water resources and demands and of the water exploitation systems and their water 

balances in a consistent and structured format.  

The policy requirement analysis (Table 2.1.) identifies the creation of systemic approaches 

suitable for strategic planning as a priority for the regulatory bodies of the water sector of England 

and Wales. The consideration of ecosystems through consistent water accounting and catchment-

based frameworks is highly recommended as a means to meet their resilience duty. Due to the 

established process of Price Review, the Asset Management Planning process would enable the 
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water sector to take the changes forward. The transformation of asset management is considered 

as the vehicle towards resilience and regulatory compliance.  

2.2. Asset Management in the Water Sector  

The Institute of Asset Management (IAM) defines an ‘asset’ as an item, thing or entity that has 

potential or actual value to an organisation. Although this definition is rather generic and wide, it 

mainly relates to physical assets (i.e. infrastructure). The Publicly Available Specification (PAS 55, 

BS ISO 55000:2014) -published by the IAM- defines ‘Asset Management’ as the “Systematic and 

coordinated activities and practices through which an organisation optimally and sustainably 

manages its asset systems, their associated performance, risks and expenditures over their life 

cycles for the purpose of achieving organisational strategic plan” (Figure 2.1.). PAS 55 has been 

used as a roadmap from the water industry –including Wessex Water Services Ltd- to develop their 

maturity and to maximise the ability to deliver their strategic objectives.  

A variety of definitions exist for asset management (InfraGuide-FCM 2005, BSI PAS 55-1:2008, 

IIMM, 2011). Although varying in extent and scope, all serve to illustrate the different ways in 

which asset management can be understood and implemented by different organisations (Echelai 

2013). Based on the guidelines provided, asset management has been developing over the past 

decades and is being used to form a structural framework to meet regulations and improve 

business efficiency. Each framework developed represents an organisation’s understanding of the 

world and provides a frame for reference (Illaszewicz and Bradshaw 2013).  

There is a consensus in all frameworks and general guidelines that Asset Management aims to 

provide a customer focus for business to systemically invest, maintain, upgrade and operate 

infrastructure assets. The primary goal of asset management is to meet a required level of service, 

in the most cost effective manner, through the management of assets for present and future. It 

involves the balancing of costs, opportunities and risks against the desired performance of assets 

and the organisational objectives.  

Asset Management (AM) has become more important than ever before because it has emerged 

as a tool to support important decisions (Too 2011). It is also described as a tool that enables an 

organisation to examine the need for, and performance of, assets and asset systems at different 

levels. Additionally, it enables the application of analytical approaches towards managing an asset 

over the different stages of its life cycle (which can start with the conception of the need for the 

asset, through to its disposal, and includes the managing of any potential post disposal liabilities). 
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Figure 2.1: Conceptual Model of Asset Management according to the Institute of Asset Management. 
Abstracted from ‘The Anatomy of Asset Management’ (Public Available Specification-PAS 55). 

The perception of an improved asset management involves enhanced service and customer 

satisfaction, improved governance and accountability, advanced risk management and financial 

efficiency and enables more sustainable solutions (Woodhouse 2006). Asset Management (AM) 

strategies have evolved from the specific conditions in which the organisation operates and can 

provide opportunities to formulate decisions which impact upon the success of the organisation’s 

strategic goals (Kwok et al. 2010 a,b). In order to meet the special needs of the facilities in different 

industries, various approaches are available which enable the optimisation of the outcome (Kwok 

et al. 2010b). Palmer (2010) defines energy policy, climate change regulation, asset capital costs 

and strategic resources as the challenges faced by the UK water sector, which would affect future 

asset investments. Asset investment planning requires the provision of ‘sustainable’, novel 

solutions and a balance on the whole-life costs of assets, while complying with carbon and resource 

recovery regulations (Kwok et al. 2010a;b). To this end, case studies from water industries (Echelai 

2013; van der Velder et al. 2013; Too 2011; van Heck 2010; Kwok et al. 2010a) have placed 

emphasis on refining asset management strategies implemented internally in each organisation to 

enhance their sustainability. In many cases, the novel, wider and integrated model introduced 

includes the risk of not meeting service requirements and standards in the maintenance and 

operation of built infrastructure.  

Following the PAS-55 definitions for asset management and asset systems, water industries 

(e.g. Waternet and Rijkswaterstaat in Netherlands) have created frameworks based on systems 
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thinking to provide better service to their customers. Provided that the service delivery of water 

companies heavily depends on the function and performance of physical assets, the boundaries of 

the aforementioned systems have been drawn around either their physical assets (i.e. capital, 

operation and refurbishment costs of infrastructure) or management and maintenance (i.e. 

reliable asset data, long-term performance based maintenance programmes).  

As policy-related documentation reveals, for the water sector in England and Wales physical 

assets have acted as the centre of asset management activities. This approach has ensured their 

viability and the service delivery to their customers, while balancing whole life costs. Their planning 

has historically prioritised performance, maintenance and efficiency of their built assets systems 

(e.g. infrastructure). Further, under environmental and societal pressures (e.g. environmental 

regulations, statutory standards for service performance, stakeholders), their economic and 

planning strategies adopt abatement cost methodologies (e.g. paying fines) against the 

environmental burdens they provoke. Therefore, water companies have perceived their entities in 

isolation from the wider system to which they belong (i.e. their region of service). Prior to the 

implementation of PR14, investment decisions have been driven by their viability and ability to 

secure the provision of qualitative services to their customers. The efforts of the water sector to 

adopt sustainable principles has been restricted within the boundaries of their built environment, 

treating the wider environment as an externality to their asset systems.  

More recently, the water sector of England and Wales has been officially encouraged (DEFRA 

2016) to develop and broadly adopt novel systemic approaches that would enable joint planning 

for asset and water resources management. These approaches would enhance the resilience of 

both natural and physical (built) systems. Further to the policy consultation, a research report 

published by the UK Water Industry Research (UKWIR 2014) suggests that water companies should 

work collaboratively with stakeholders in order to fully consider and seek to achieve a balance 

between social and environmental costs (e.g. wider environmental impacts of carbon emissions, 

increased bills etc.). In other words, the sector is advised to adopt a more integrated approach in 

their investment plans and re-draw the boundaries of their asset systems. Defining their strategic 

goals around a different centre, for example the environment, or society, would ensure alignment 

with the national policy and international consultations (e.g. UN Natural Capital Declaration), 

whilst motivating stakeholders to share their principles and assist towards truly sustainable 

solutions.  
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The first milestone for re-designing asset systems for sustainable and resilient systems is the 

shift of scale. Research and policy shows evidence that the optimum scale for assessing water-

related sustainability is that of the catchment (or watershed).  

2.3. The Catchment as a System  

This section defines the concept of the catchment and describes it as a system comprising of natural 

and artificial elements. It also introduces the term of Catchment as an Asset System and discusses its 

relevance to the creation of frameworks for the design of sustainable and resilient systems.  

2.3.1. Defining a Catchment 

There is a considerable heterogeneity and ambiguity in the literature with regard to the definition 

of the term ‘catchment’. Recent studies (Godskesen et al. 2013; Yang et al. 2013; Angrill et al. 2012; 

Stoeglehner et al. 2011; Basset-Mens et al. 2006) carried out at this scale differ in terms of 

assumptions made about the spatial information contained within the delineated boundaries of a 

catchment. In these studies, the boundaries of a catchment are drawn around diverse entities and 

refer to groundwater aquifers, tributaries, hinterland areas or even rainwater harvesting systems.  

In order to avoid terminological ambiguities, and guarantee the alignment with the current 

legislation (Water Environmental Regulations, No.3242, 2003) the term ‘catchment’ is defined 

from a hydrological point of view for the needs of the undertaken research.  

Catchment is the area from which a surface watercourse or a groundwater system delivers its 

water. A surface catchment area may overlie an aquifer system, but may be unconnected with the 

aquifer rock itself if there are intervening impermeable aquicludes (Oxford Dictionary of Earth 

Sciences). The boundary between separate catchment areas or drainage basins is called ‘divide’, 

but it is also referred as ‘watershed’, in British language usage.  

According to the definitions provided in the Water Framework Directive (WFD, EC 2000/60), 

the term ‘river basin’, stands for the area of land from which all surface run-off flows through a 

sequence of streams, rivers and possibly lakes into the sea at a single river mouth, estuary or delta. 

The fundamental unit (Article 3(1)) for its implementation, however, is that named ‘river basin 

district’, referring to the area of land and sea, made of one or more neighbouring river basins 

together with their associated groundwater and coastal waters.  

Comparing and combining the aforementioned definitions, the ‘river basin district’ of the WFD 

is the hydrological ‘catchment’, since both refer to systems delivering both surface water and 

groundwater to a single river mouth, estuary or delta or to the sea. 
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2.3.2. Thinking the Catchment as a System 

Catchment management is about using land in ways that benefit the water environment. 

Historically, in the UK, water authorities organised themselves at the river basin scale in order to 

control land use around water sources and prevent contamination of groundwater. However, after 

privatisation of the sector in 1989, the focus shifted to upgrading water and sewage treatment 

infrastructure to provide greater guarantees that drinking water and effluent standards would be 

met within short timescales (Rouse 2013).  

Nevertheless, there has recently been an upsurge interest in catchment management, as a less 

resource-intensive way to protect water bodies (UKWIR 2014). An increasing number of water 

companies have focused on managing erosion and leaching affecting the quality of water in their 

service regions, with a particular concern regarding the nitrates and pesticides used on land and 

their impact on drinking water sources nearby. These strategies were driven by their commitment 

to the governmental River Basin Management Plans (RBMPs) which are designed to protect and 

improve the quality of the water quality, under the demands of the Water Framework Directive. It 

was the introduction of this legislative framework that established the catchment as the 

fundamental unit for managing water resources and highlighted the essence of integrated 

management of catchment systems for sustainable water management. A plethora of research 

studies dealing with the ecological quality of water courses or the development of integrated 

management plans have been published over the past decade. Further, the recommended use of 

qualitative impact assessment tools such as DPSIR (Driving force-Pressure-Solution-Impact-

Response) model or SWOT (Strengths- Weaknesses-Opportunities- Threats) analysis, as part of the 

RBMPs, indicates that regulators acknowledge the complexity of the catchment as a system; thus, 

its societal extensions. 

Indeed, the regional territory of a catchment consists of a number of natural, semi-natural and 

artificial landscapes, composed of a mosaic of interacting ecosystems (or subsets). Apart from the 

natural boundaries wherein the water-related ecosystem functions take place, catchments (or 

watersheds) have been characterised as pertinent spatial units for studying the interactions 

between humans and the environment (Billen et al. 2011) or the various types of capital (Pérez-

Magueo et al. 2013) since drainage networks have historically acted as determinant factors of 

settlement location choice or agricultural and commercial activities. As such, the catchment can 

be described as a single integrated system which includes both natural elements (biosphere) and 

infrastructure (technoshpere). The sustainability pillars (environment, economy, society) co-exist 

and interact within its spatial boundaries (Figure 2.2). Creating approaches at a catchment scale 

would align with the vision of Sustainable Development (WCED 1987) which recognises that “social 
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and economic progress should be simultaneous and integrated with the vitality of supporting 

ecosystems”. 

 

Figure 2.2.: The three sustainability pillars as subsystems of the catchment as a system. Abstracted from Hester 
and Little 2013. 

There is a growing recognition that to meet the goal of sustainable and Integrated Water 

Resources Management (IWRM), there is a need for improved ‘integrated’ catchment 

management (ICM) (Macleod et al. 2007) and the design of local policies which involve alliances of 

a wide range of stakeholders (Prato and Herath. 2007). The concepts of IWRM and ICM are strongly 

interlinked, as the former has emerged in order to enable the achievement of sustainable 

management of water resources for a range of uses and several stakeholders (institutions, 

authorities, clients, population, and agriculture), while the latter provides a conceptual framework 

for solving water-related problems of multiple actors. ICM is not, however, a fixed-formula and 

requires different and creative conceptualisations of catchments and of their processes (Macleod 

et al. 2007; Toit 2005).  

The essence of evaluating and assessing environmental sustainability of water at a 

catchment/watershed scale is argued in recent peer-reviewed literature (Nafi et al. 2014; Hester 

and Little 2013). In these works, it is argued that the catchment not only constitutes the 

fundamental unit for water resources analysis, but is also a scale ideally used by policy-makers. 
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The new paradigm of ICM implies the reorganisation of stakeholders that transcends sectorial 

boundaries (Nafi et al. 2014) and the use of appropriate scientific tools that would enable the 

integration between policies, science and their implementation. However, despite the impressive 

diversity of available measures for water management analysis, only a few recent studies address 

the importance of integrating the existing approaches into a unified framework for assessing 

sustainability at the watershed scale (Hester and Little 2013). The authors stress that sustainable 

approach to water requires integrated measures; that is, the combined use of non-integrated 

measures (such as components of the hydrological cycle or spatially explicit measures) within 

different scales or units. For a complete assessment of the environmental sustainability of water 

resources requires the use of ‘common currencies’ (referring to popular methods) is suggested, 

since the majority of the existing measures are suitable for independent quantifications and 

appear to be complementary.  

The discussed literature shows evidence that in order to achieve the creation of an integrated 

catchment-based approach, the specific characteristics of the distinct subsets comprising the 

catchments along with their interactions among them should be identified and thoroughly studied. 

Sustainably managing an integrated system conveys the sustainable management of each of its 

elements, not only individually, but also as a whole, and thus, the creation of a ‘systemic’ approach. 

The interdependencies and interconnections among the elements of a system need to be 

identified in advance. The reason for studying each element separately and as part of the system 

lies on the rationale that any ‘individual action’ affects and reacts with the system (i.e. the ‘whole’). 

Meeting an overall aim for a system (e.g. a catchment) means meeting specific objectives (i.e. 

optimising the function) for its individual components (e.g. infrastructure, land). The necessity for 

the integration of water utility systems in the frame of a catchment has been discussed (Everard 

2012) as an essential for their capacity to support human well-being. Water infrastructure 

integrates multiple pressures from the catchment within it is built. It, therefore, becomes 

disproportionately vulnerable to climatic, hydrological, chemical, ecological and morphological 

pressures that affect its performance and service delivery.  

In the River Basin Districts (RBD) of the UK, water quality issues relating to the diffuse pollution 

deriving from the agricultural sector have been identified as the main water environment 

challenge (Martin-Ortega et al. 2012). Significant improvements are needed to farm practices, in 

order to protect water quality. As a result, the water sector is encouraged to work collaboratively 

with stakeholders of the watershed areas under their service (UKWIR 2014), in order seek solutions 

for achieving balance between social and environmental costs (e.g. wider environmental impacts 

of carbon emissions, increased bills etc.) at a local scale. The creation of integrated, systemic 
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catchment-based approaches will not only allow for the internalisation of elements which have 

been treated as externalities to date, such as land, but will also enable the assessment of their 

influence to the service of built assets. They would also support the consideration of stakeholders’ 

requirements in the asset management planning process. The design of regional strategies based 

on integrated water resources and asset planning would enable the development of optimal 

solutions for catchment systems and the formulation of a more resilient water sector.  

The principles of sustainable development underpin integrated catchment management. The 

creation of catchment-based approaches would require defining ‘sustainability’ for the given 

system, through the identification of the local stakeholders’ needs and the definition of the 

interactions and models of cooperation among them.  

2.4. Sustainability and Water Systems 

The field of sustainability science is largely broad and diverse as evidenced by the number of review 

articles published over the years (e.g. Little et al. 2016; Miller et al. 2014; NRC 2014; Zaccai et al. 

2012; Kuhlman et al. 2010). Undertaking another comprehensive review of the concept is 

considered out of the scope of research. Nevertheless, an overview of recent developments in the 

field would inform the content and shape the basis for further discussion. The focus of the quoted 

literature and the following discussion is geared on water resources and catchment systems, 

driven by the emphasis of the research on these topics.  

2.4.1. Natural Resources & Environmental Impact Assessment  

Resource efficiency is considered a key-element for sustainable development, as identified by the 

current political interest in the future availability of natural resources. Despite the initial, oft-

quoted, ‘Brundtland’ anthropocentric definition of ‘sustainable development’ (WCED 1987) as 

‘meeting the needs of the present without compromising the ability of future generations to meet 

their own needs’, the ‘eco-centric’ approach (O’ Riordan and Voisey 1997) is prevailing (Jones et 

al. 2007), according to which the integrity of the biosphere underpins social and economic 

development.  

Academic literature generally distinguishes natural resources between biotic and abiotic 

(Finnveden et al. 2009). According to Lindeijer et al. (2002), abiotic resources are inorganic or non-

living materials at the moment of extraction (e.g. water and metals), while biotic resources are 

living at least until the moment of extraction from the natural environment (e.g. wood and fish). 

The latter does not include biotic resources reproduced by an industrial production process (e.g. 

livestock or agricultural crops). Another categorisation includes stock, fund and flow resources 
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(Klingamir et al. 2014). A schematic representation of natural resources and their categorisations 

is given in Figure 2.3. Resources could be evaluated in relation to their depletion (consumption 

related to geological/natural reserve), scarcity (economic availability of the resource) and criticality 

(a resource that is scarce and also crucial for society).  

 

Figure 2.3.: A schematic representation of the classification of natural resources. Adapted from Klinglamir et 
al. 2014. Stock resources exist as finite amount in the natural environment (e.g. rock) or renewable rates on 
timescales too large to be compared with human rate of consumption (e.g. oil). Fund resources can be depleted 
at a rate dependant on a ratio of extraction to regrowth or to renewal rate (e.g. plants). Flow resources are 
those which cannot be depleted, but face the risk for temporal or spatial non-availability. 

The operational rules to sustainability, as outlined by Daly (1990), underpinned and provided 

broad guidelines for the plethora of approaches developed to assess environmental sustainability 

(Little et al. 2016). Environmental Assessment (EA) refers to both environmental impact 

assessment (EIA) and strategic environmental assessment (SEA) (Jones et al. 2007; Wood 2003). 

EIA is a systematic and integrative process for considering possible impacts from a project 

significantly affecting the natural and man-made environment and takes place prior to the 

approval of a proposal. SEA is an equivalent process undertaken at the policy, plan or programme 

level.  

Past works (Morgan 2012; Jones et al. 2007) suggest that although the proliferation of diverse 

forms of impact assessment reflects the recognised value of a structured and consistent approach 
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to evaluating environmental aspects in decision-making, there are several outstanding challenges 

for EA. These relate to the necessity of the forms of impact assessment to contribute to the scope 

of sustainability and as such, to be grounded on well-defined principles and be conducted in an 

integrated way. A recent review article (Little et al. 2016) evaluates the range of sustainability 

assessment approaches and compares them to the nature of the sustainability problem, aiming to 

establish whether the available approaches are appropriate for the task for which they have been 

developed. The authors categorise the existing suite of EA approaches into two main categories: 

(a) design-based, which generally follow principles or guidelines and (b) approaches that employ 

computational frameworks and/or indicators. The former category includes frameworks which 

examine the factors causing impacts, whereas the latter are used to assess the effects of the 

impacts.  

From the suite of frameworks and tools presented and analysed in the recent review articles, 

those of particular interest for the undertaken research are those based on whole-system design 

and integrated approaches.  

2.4.2. Integrated Sustainability Assessment  

The complexity of the sustainability exercise has driven the formulation of approaches that enable 

the integrated assessment for evaluating environmental science, technology and policy problems 

(Laniak et al. 2013). Integrated Approaches employ scenario analysis to characterise hypothetical 

future pathways. The nature of the scenarios (qualitative or quantitative) classifies the approach 

under the categories analysed above (section 2.4.1.). Whole-system design enables the integration 

of sustainability principles and thinking in engineering, especially in the definition of causalities 

and interdependencies (Blizzard et al. 2013; Charnley et al. 2011; Stasinopoulos et al. 2010).  

Little et al. (2016) discusses that there is a critical need for coupling whole-system approaches 

with integrated environmental assessment, in order to understand the behaviour of complex 

systems and the relations across their environmental, economic and social compartments. A 

unified ‘systems-of-systems’ approach is suggested, as a means to enable the endeavour. To date, 

the fragmented field of sustainability hampers the coupling. Nevertheless, several attempts have 

been pursued toward this end, with special focus on the integration of the environmental and 

economic aspects of sustainability assessment for urban (e.g. Ma et al. 2015), energy (e.g. Rudell 

et al. 2014) catchment (e.g. Avila-Foucat et al. 2012) and aquifer (e.g. Kahil et al. 2016) systems.  

Among the approaches developed to date, the ‘capital approach’ to sustainable development 

has gained popularity over the years, as a common framework of communication among countries 

and institutions and is considered promising for achieving consensus on the issue of sustainability 
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and policy-making (Kulig et al. 2010). The capital approach is underpinned by the aforementioned 

‘Brundtland’ definition (WCED 1987) of ‘sustainability’ and is firmly based in macro-economic 

theory (Kulig et al. 2010). For the purpose of sustainability assessment, four types of capital are 

distinguished: economic, natural, human and social (UNECE 2009). The approach enabled the 

expansion of the notion of ’capital’ beyond economics and the measurement of capital stocks in 

non-monetary terms.  

Based on the capital approach and the System of National Accounts (SNA), the United Nations 

(UN) introduced the System of Environmental and Economic Accounting (SEEA) (originally in 1993 

and the revised version in 2003), in an effort to incorporate environmental information into the 

national accounts. In 2012, the SEEA Central Framework was adopted by the United National 

Statistical Commission (UNSC) as an international statistical standard. It is designed to complement 

and extend the accounting of SNA and has widely used for the compilation of a set of interrelated 

accounts to record economic activity (Hein et al. 2015). It allows the integration of physical data 

about the environment in the SNA through the development of accounts that describe the supply 

and use of materials and energy, as well as the residuals and return flows generated.  

The adoption of the SEEA Framework has driven innovations in environmental accounting and 

generated the development of ‘Ecosystems Accounting’ as a comprehensive and consistent 

framework for recording changes in ecosystems and their implications to people (Obst et al. 2014). 

As analysed by Hein et al. (2015), Ecosystem Accounting differs from various other ecosystem 

valuation approaches and enhances the SEEA Framework as it offers an integrated approach to 

analysing ecosystem assets or natural capital (i.e. the set of renewable and non-renewable 

environmental assets that directly or indirectly produce value or benefits to people).  

The terminology and rationale introduced through the environmental expansion of SNA 

underpins policy recommendations by a number of international agencies. The Natural Capital 

Initiative (World Forum for Natural Capital, 2015) relates the poor management of the natural 

environment with catastrophic consequences on ecosystems productivity, human wellbeing and 

financial resilience. It strongly supports the adoption of the United Nations Natural Capital 

Declaration (NCD, UNEP 2012) which requests from financial institutions of the private and 

commodity sectors to integrate Earth’s natural assets in their reporting, accounting and decision-

making.  

A systemic approach for the development of water-specific accounts was introduced by the 

United Nations Statistics Division (UNSD) in 2012, allowing for the performance of the Water 

Accounting exercise.  
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2.4.3. Water Accounting  

In the absence of a standardised definition, the notion of Water Accounting (WA) can be described 

(according to the Bureau of Meteorology of the Australian Government, BoM 2014) as the 

systematic process of identifying, quantifying, reporting and publishing information about water 

as a resource (namely its sources and uses). The outputs of this exercise need to be demonstrated 

in a coherent format in order to ensure their functionality and suitability for decision-making in 

the water sector. Water Accounting has emerged as an appropriate tool to improve transparency 

and control in water management and assist in achieving the goals of integrated water resources 

management (Pedro-Monzonis et al. 2016b; Momblanch et al 2014).  

Several WA methodologies have been developed by states and international organisations, 

with diverse focal points and presentation formats (Momblanch et al 2014; Gan et al. 2012). WA 

methodologies focus on the relationship between water use and economy (Ward and Pulido-

Velásquez 2009), on the development of physical water accounts aimed at conflict resolution 

(Allan 2012), on the assessment of water productivity at different spatial scales (Karimi et al. 2013; 

2012) or on the water uses for resource allocation purposes (AWAS, BoM 2012).  

Further, the United Nations SEEA Framework has been recently expanded to include accounting 

for water flows. The System of Environmental Economic Accounting for Water (SEEAW) (UNSD, 

2012) which provides a method of organising and presenting information relating to the physical 

volumes of water in the environment, water supply and economy (Pedro-Monzonís et al. 2016a; 

Vardon et al. 2007) and is based on the principle of the conservation of mass (sums of inflows 

equals the sums of outflows) (Molden and Sakthivadivel 1999). Currently, SEEAW is the most 

widespread hybrid water accounting approach with application in many counties, expanding from 

China and South Africa to a number of European countries (Pedro-Monzonís et al. 2016b, Tilmant 

et al. 2015; Momblanch et al 2014). Although SEEAW is displayed as a tool to build water balances 

at a river basin scale, there are concerns about its practical use by policy-makers. These are related 

to the lack of common definitions and procedures to build the water accounts and to the vast 

amounts of data required to achieve this. Methodological weaknesses of the method are also 

highlighted: it does not allow for comparisons for different territories and periods and does not 

explicitly account for the environmental requirements of the catchment (Pedro-Monzonís et al. 

2016a; Vicente et al. 2016; Tilmant et al. 2015; Dimova et al. 2014). The use of hydrological and 

hydraulic models is highly recommended (Pedro-Monzonis et al. 2016b; Vicente et al. 2016) as a 

tool to fill in the water accounts, especially those referring to complex natural hydrological 

processes (e.g. evapotranspiration, soil moisture, exchange between water bodies).  
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The growing volume of academic literature and the augmented research interest around Water 

Accounts has been mainly boosted because of policy necessity. As a requirement of the 

implementation of the Water Framework Directive (WFD, 2000/60/EC) the Member States, 

including UK, were required to design and put in action the River Basin Management Plans 

(RBMPs). These needed to include details on the site setting of the river basin (registry of the 

protected areas, environmental pressures affecting the water status, environmental targets, cost 

recovery) and a programme of measures to address issues. Additionally, RBMPs demanded for the 

inventory of water resources and demands, the regime of environmental flows of the catchment, 

its water exploitation systems and their water balances. The Water Blueprint (EC 2012), presented 

a strategic approach towards the implementation of the WFD and suggested the joint analysis of 

water policy objectives with the economic growth of multiple sectors in terms use as a way to 

improve the WFD water efficiency goals. The development of water accounts is currently one of 

the next steps to be implemented in the RBMPs and their development is considered as a tool to 

achieve the objective of water efficiency (Pedro-Monzonís et al. 2016a). Case studies and analyses 

(Vicente et al. 2016; Momblanch et al. 2014) suggest that the optimum scale for the 

implementation of existing water accounts is that of the river basin or catchment. This is 

particularly important for the studies focussing on the physical water accounts. The further division 

of river basins into smaller units has proven to introduce high level of uncertainty, especially for 

those systems with a low spatial variability (Vicente et al. 2016).  

Further developments in the field of Water Accounting have emerged in the academic literature 

over the recent years in the form of Water Inventories. These approaches employ computational 

frameworks and indicators, which largely relate to the concept of ‘Water Footprint’ and the field 

of Life Cycle Management.  

2.5. Life Cycle Thinking  

In the context of progress of sustainability science, Life Cycle Thinking (LCT) may play a crucial role 

(Sala et al. 2013a,b). The prevalence of LCT in research, industry and policy has resulted in a vast 

volume of articles published during the last decade in this diverse field, as discussed by McManus 

and Taylor (2015). Applying LCT offers a way of incorporating sustainable development in decision-

making processes (Valdivia et al. 2013). This means going beyond the traditional introverted focus 

of industries and taking into account the environmental, social, and economic impacts of a 

product/activity over its entire life cycle and value chain. In order to deal with the complexity 

involved in this endeavour, it is required to enhance the methodologies for integrated assessment 

and mainstreaming of LCT from product development to strategic policy support (Sala et al. 
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2013a). The most enhanced sustainability frameworks have recently been reviewed (Sala et al. 

2013b) while a framework based on LCT has been proposed.  

Life Cycle Sustainability Assessment (LCSA) refers to the evaluation of all environmental, social 

and economic negative impacts and benefits of a product throughout its life cycle and to the use 

of the result to support decision-making processes (UNEP/SETAC 2011). The idea of combining 

three LCT techniques into an LCSA framework was first formulated by Klöpffer (2008). The 

following equation expresses its concept and introduces its rationale: the assessment of the 

sustainability performance of a product should be carried out by the contemporary 

implementation of the three life cycle techniques (Valdivia et al. 2013).  

LCSA = (environmental) LCA + LCC + S-LCA  

(LCA=Life Cycle Assessment, LCC=Life Cycle Costing, S-LCA=Societal Life Cycle Assessment) 

LCSA is a transdisciplinary integration of models, rather than a model itself (Guinée et al. 2011). 

It is a framework for looking from one viewpoint to specific sustainability questions, which 

demands the integration of disciplinary methods and tools for addressing the formulated 

questions. Structuring, selecting and linking the plethora of models practically available in relation 

to different types of life-cycle based questions is the main challenge of its application.  

Literature (Sala et al. 2013a,b; Valdivia et al. 2013) suggests that the application of LCSA could 

benefit consumers, businesses and decision-makers in several ways. It would clarify the trade-offs 

between the three sustainability dimensions, life cycle stages and impacts and raise credibility by 

communicating useful quantitative and qualitative information regarding 

processes/products/strategies. Moreover, LCSA could support decision-makers in prioritising 

resources and investments and making sustainable choices, in terms of technologies and products. 

It could broaden the scope of Life Cycle Management to cover all three dimensions of sustainability 

(people, planet, prosperity) and to questions related to specific sector or even economy-wide 

levels or behavioural relations (Guinée et al. 2011). According to Sala et al. (2013a,b), LCSA should 

be developed in order to represent the holistic approach which integrates, rather than substitutes, 

the reductionist approach of the single part of the analysis. To achieve this, a balance between 

analytical and descriptive approaches towards a goal and solution-oriented decision support 

methodology should be maintained.  

It is suggested (Swarr et al. 2011) that LCSA or the combination of the well-established LCT tools 

of Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) is applied in case studies in order to 

gain experience and validate the utility of the methods across different sectors.  
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2.5.1. Life Cycle Assessment (LCA) 

Life Cycle Assessment (LCA) is a technique used to quantify the environmental impacts associated 

with all the stages of a product, service or process from cradle-to-grave. It has gained popularity 

as a sustainability assessment method (Guinée et al. 2011), as evidenced by the increasing number 

of publications and databases supporting its implementation.  

An LCA study must be carried out in accordance with the technical norms established by the 

ISO standard (ISO 14040 and ISO 14044). In the umbrella document, LCA is defined through the 

procedure for performing an LCA (Figure 2.4.). The standard for LCA also lists the following 

applications: identification of improvement possibilities, decision making, choice of environmental 

performance indicators and market claims (ISO 14040, 2006).  

The strength of LCA is that it studies a whole system. The results are related to the function of 

the system, which allows comparisons between alternatives (Baumann and Tillman 2004). It is an 

engineering tool in the sense that technical systems and potential changes to them are studied. 

On the downside, the environmental impacts cannot be modelled at a very detailed level, since 

LCA is not site specific. In addition, economic and social aspects are normally not included in LCA; 

and neither is risk.  

As illustrated in Figure 2.4., the LCA procedure includes four main phases: goal and scope 

definition, inventory analysis, impact assessment interpretation (ISO 14040 2006). In brief, in the 

goal and scope definition phase, the product to be studied and the purpose of the study are 

determined. The scope affects the definition of the system boundaries and the level of detail. Life 

Cycle Inventory (LCI) analysis involves the collection of the data required and the framing of a flow 

model of a technical system according to the requirements of the goal and scope definition. Life 

Cycle Impact Assessment (LCIA) indicates/describes the impacts of the environmental loads 

quantified in the inventory analysis and establishes their relations. Finally, the interpretation phase 

summarises and discusses the results. While LCA is an iterative assessment, interpretation is 

required throughout all its phases to ensure rigorous outcomes. Further details regarding the LCA 

model and procedure can be found on the relevant standard document (ISO 14040 2006).  

The value and usefulness of LCA heavily depend on the choices of methodologies made 

throughout the process (Settanni et al. 2012a). The four more critical choices of methodology for 

a researcher performing an LCA study are the definition of functional unit, system boundaries and 

allocation procedure, type of data used and impact assessment (Baumann and Tillman 2004).  
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The functional unit corresponds to a reference, quantitative flow to which all other modelled 

flows of the system under study are related. The principles of system boundary definition and 

allocation are decided during the goal and scope definition. Nevertheless, the methodological 

choices in LCA depend heavily on the questions or hypotheses formulated. The goal and scope 

definition phase is important since the appropriate LCA method depends on the purpose of each 

study (Finnveden et al. 2009).  

Finnveden et al. (2009), Curran et al. (2005), and Baumann and Tillman (2004), have concluded 

in a distinction between two types of methods for LCA: attributional and consequential (Table 

2.2.). Attributional LCA (aLCA) is defined by its focus on describing the environmentally relevant 

flows to and from a life cycle and its subsystems and its character is retrospective. Consequential 

LCA (cLCA) is defined by its aim to describe how environmentally relevant flows will change in 

response to possible decisions and is, by nature, more prospective (Finnveden et al. 2009; Curran 

et al. 2005). Other terms have been used to denote the two types of LCA, such as 

descriptive/accounting and change-oriented respectively. The relevance of the two LCA types for 

decision making, learning processes and modelling of future systems is also argued (McManus and 

Taylor 2015; Finnveden et al. 2009; Curran et al. 2005). Despite the debate on the suitability and 

applicability of the two types of LCAs for different research purposes, recent literature (Rajagopal 

2016; Yang 2016) stresses the complementarities of the two LCAs and highlights the value of aLCA 

as a structural basis for the further development of the cLCA as a technique to explore the wider 

changes of an overall system (McManus and Taylor 2015) or as an approach for converging LCA 

with economic models (Earles and Halog 2011).  

The distinction between the types of LCA indicates how the goal and scope definition stage 

influences critical methodological and data choices. In the same vein, Guinée et al (2002) make a 

similar distinction for LCA types based on three main types of questions: (a) accessional choices, 

(b) structural choices and (c) strategic choices. The different types of decision may require different 

modelling and data types or different scales in terms of time and impacts.  
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Figure 2.4.: The LCA procedure. The boxes indicate procedural steps and the arrows the order in which these 
are performed. Broken arrows indicate possible iterations. Adapted from Baumann and Tillman (2004). 

Table2.2..: Characteristics of accounting and change-oriented LCAs Adapted from Baumann and Tillman (2004) 
and modified according to more updated literature (Finnveden et al. 2009). 

 Type of LCA 

Characteristic Attributional Consequential 

System boundaries Additivity Parts of system affected 

Completeness 

Allocation procedure Reflecting causes of system Reflecting effects of change 

Partitioning System enlargement 

Choice of data Average Marginal 

System subdivision − Foreground & background 

Traditionally LCA studies have treated water as an input flow, without differentiating water 

types or water quality criteria. More recently, the World Business Council on Sustainable 

Development (WBCSD) UNEP/SETAC Life Cycle Initiative was launched, focusing on the 

development and standardisation of tools and methods to assess freshwater use at different scales 

within the LCA framework. As a result, the water footprint standard (ISO 14046:2014) has been 

released, providing principles, requirements and guidelines for conducting and reporting water 
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footprint assessments within the LCA framework. The development of methods to address water 

assessment is making considerable progress today, as witnessed by the increasing number of 

relevant published papers and reports.  

A more detailed discussion on the relationship between LCA and water systems will follow 

(chapter section 2.6.). 

2.5.2. Life Cycle Costing 

The economic counterpart of LCA is Life Cycle Costing (LCC). According to the relevant BS ISO 

standard (BS ISO 15656-5:2008), Life Cycle Costing (LCC) is a methodology for a systematic 

economic evaluation of life-cycle costs over a period of analysis, which could cover the entire life 

cycle or selected stages. In other words, LCC is a cost assessment of a product’s cradle-to-cradle 

costs and is a way of accounting the total costs of built assets (e.g. equipment, infrastructure), 

aiming at estimating the cost associated with the existence of a product for comparing alternative 

products (Rebitzer and Hunkeler, 2003). Governments, organisations and industries have 

developed LCC methodologies in order to understand cost-drivers of a product system, to identify 

improvement options and to validate pricing strategies (Swarr et al. 2011).  

Based on number of case studies, varying in goal and scope settings, as well as in methods and 

methodological choices, the UNEP/SETAC-Europe working group has identified three types of LCC: 

conventional LCC, environmental LCC and societal LCC (Ciroth et al. 2008). The system boundaries 

and the costs included in each type are presented in Figure 2.5. . 

Briefly, Conventional LCC assesses all costs associated with the life cycle of a product that are 

directly covered by a single actor, focusing on real, internal costs. Environmental LCC assesses all 

costs associated with the life cycle of a product covered by one or multiple actors, including 

externalities that are anticipated to be internalised in the decision-relevant future. It provides an 

economic counterpart to the environmental metrics obtained from an LCA (Settanni et al. 2012b) 

and enhances conventional LCC by requiring the inclusion of all life stages and separate non-

monetised LCA results. Societal LCC includes all of environmental LCC plus additional assessment 

of further external costs, usually in monetary terms.  

Although most applications of life cycle frameworks include elements of environmental cost, 

there is scope for confusion, while most view life cycle costing as referring only to private (internal) 

costs (Ciroth et al. 2008). Those are the costs carried by a directly involved stakeholder and 

included in the price paid by the end user. Nonetheless, in more holistic concepts (e.g. 

environmental/societal LCC), external costs (externalities) are also included in the assessment. 

Externalities refer to cost induced to stakeholders outside the economic considerations of the 
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system boundaries, which are internalised as real money flows and not included in the price paid 

by the end user.  

Current challenges in systems thinking and sustainability science have pushed towards 

concepts suitable for an assessment of the economic implications of a product life cycle in a 

consistent sustainability framework; thus, would ensure LCC in an approach to estimate the 

economic dimension of sustainability. Works on the harmonisation of the set-up and principles of 

LCA and LCC (Heijungs et al. 2013; Swarr et al. 2011; Ciroth et al. 2008) show evidence of the 

existing methodological challenges in LCA and LCC integration. Nonetheless, in practice, the 

approach that has prevailed so far is the combination of LCC and LCA as separate yet consistent 

tools, thus excluding the integration of the former into the latter (Settanni et al. 2012a,b).  

 
Figure 2.5.: System boundaries and costs included in the three types of Life Cycle Costing. Abstracted from 
Ciroth et al. (2008). 

Detailed technical guidelines for conducting -environmental- LCC studies, as well as its joint use 

with LCA could be retrieved in recent UNEP/SETAC books (Swarr et al. 2011; Ciroth et al. 2008). 

These guidelines allow flexibility to adapt according to the specific needs of the each single case. 

A guiding principle is that the rigor of the economic analysis should be consistent with the goal and 

scope defined in the environmental analysis of the study. 

The existing application of LCC in water systems research will be analysed in a following chapter 

section (section 2.6.).  



 28 

2.6. Life Cycle Management and Water Systems  

This section discusses the relevance of the Life Cycle Management tools to the water sector and 

the wider water systems. Due to the wide application of life cycle thinking, the articles included in 

this section have been selected in order to indicate research trends and gaps.  

2.6.1. Life Cycle Management in the Water Sector 

Life Cycle Assessment (LCA) has proved well-suited for application in the water sector and has been 

characterised as a particularly useful tool for organisations wishing to look holistically to the 

environmental impacts, investigate alternative solutions and go beyond regulatory compliance 

(Barrios et al. 2008; Narangala and Trotter 2006). In the water industry LCA has been applied at a 

strategic and/or regional level, at project and process level and at a very specific level (Friedrich et 

al. 2007).  

The application of LCA for industrial case studies has gained interest over the last few years. 

Recent industrial case studies (Bernard et al. 2014; Risch et al. 2014; Slagstad et al. 2014; 

Barjoveanu et al. 2014; Niero et al. 2014; Venkatesh and Brattedø 2010) adopt life cycle methods 

to assess environmental impacts of the urban water cycle. In a large and growing body of literature, 

the system boundaries of the undertaken LCA have been expanded in order to include the whole 

urban system (Yoshida et al. 2014; Chang et al. 2014; Slagstad et al. 2014; Barjoveanu et al. 2014; 

Lemos et al. 2013), i.e. freshwater abstraction, water treatment and production of tap water, 

water distribution, wastewater transport to the plant. Thus, the Urban Water Management System 

(UWMS) is selected as focal system for the undertaken assessments. A UWMS is a multifunctioning 

combination of decentralised sub-systems, representing the urban part of the water cycle (Figure 

2.6.) (Nafi et al. 2014) and as such, it is perceived and managed as an integrated system, rather 

than separate units of infrastructure. In a more traditional approach, several studies assess 

different parts of the urban water cycle, focussing on the water (e.g. Bonton et al. 2012) or 

wastewater (e.g. Zang et al. 2015) treatment processes alone. Few other studies expand their 

boundaries investigating opportunities from waste by-products (e.g. sludge) in agriculture or 

energy production (Eriksson et al. 2014; Niero et al. 2014; Sadhukhan 2014). These provide 

evidence that research is moving from the plant to the river basin scale and a broader perspective 

is adopted in few works; that of the integrated management (e.g. Mouri et al. 2013a,b).  

In the more technical aspects, the majority of the industrial case studies presented above 

implement consequential (change-oriented) LCAs. The urban water cycle is, therefore, divided into 

background and foreground systems. The functional unit selected does not alter through the 
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stages and is adjusted to fit the scope of each case. Those targeting the water urban cycle as a 

whole (e.g. Yoshida et al. 2014; Bernard et al. 2014; Slagstad et al. 2014; Barjoveanu et al. 2014; 

Lemos et al. 2013) chose the production or consumption of one cubic meter of potable/tap water 

as their functional unit, whereas the studies focusing on treatment processes (e.g. Zang et al. 2015; 

Bonton et al. 2012) select chemical-related functional units, population or legislation dependant. 

In the majority of the case studies, two environmental mid-point impact assessment methods were 

selected: ReCiPe and CML, while the Ecological Scarcity 2006 end-point method was additionally 

used as well (Barjoveanu et al. 2014). Regarding datasets, the Ecoinvent database was selected in 

the majority of the case studies and local-specific or industrial data were used where applicable or 

necessary.  

Regarding their content, case studies address mainly problems of local scale or concern, namely 

a city or settlement in different regions worldwide (Romania, Denmark, Singapore, Norway, 

Portugal) or a catchment area. LCA is used as a tool either to identify hotspots (Slagstad et al. 2014; 

Barjoveanu et al. 2014) in the water services system or to compare improvement alternatives in 

terms of selected treatment technologies (Risch et al. 2014; Niero et al. 2014; Mouri et al. 2013a,b) 

and implementation strategies (Bernard et al. 2014; Jeppsson et al. 2014). Water and wastewater 

treatment plants are investigated in terms of energy and chemical consumption, reaching in 

several cases the conclusion that in practice urban water utilities would have to perform a trade-

off between the consumption of energy and chemicals and the discharge of pollutants to the 

environment (Slagstad et al. 2014). For the background system of the urban water cycle, tap water 

production (including water abstraction and treatment) is identified as the most energy 

demanding stage (Bernard et al. 2014; Barjoveanu et al. 2014; Lemos et al. 2013), whilst intensive 

energy consumption is embedded in the distribution of water (pipeline networks) as well (Slagstad 

et al. 2014; Lemos et al. 2013). The most important impact categories related to the urban water 

cycle -as identified in recent case studies- are the global warming (where WWTPs have the biggest 

contribution) and eutrophication of freshwater and marine water bodies. What is often 

commented and highlighted though is that environmental impacts of urban water systems are site-

specific, as they depend on several local factors. Therefore, results obtained for a certain 

geographical area cannot be extrapolated to other areas (Risch et al. 2014; Lemos et al. 2013).  

The research gaps which need to be addressed in the application of LCA on water-related 

systems and assessment have been identified and discussed in a recent review article (Corominas 

et al. 2013). The authors stress the need for the unanimous expansion of the goal and scope of LCA 

studies to include the entire urban water cycle, but also resources depletion and recycling options. 

Further, the LCA models need further advancements in order to adapt to the challenges occurring 
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from the expansion of the scope: they need to include new target compounds, such as 

micropollutants in sludge, and advance or create the characterisation factors to address problems 

at a regional scale. The suggested advancements in combination with the need for reducing the 

uncertainty of the results, stress the need for improvements in data quality and data sharing 

options. This could be facilitated through the enhancement of stakeholders’ participation and the 

strengthening of the LCA links with costing and societal aspects aiming to complete the whole 

picture of sustainability.  

 
Figure 2.6.: The boundaries of an urban water management system (UWMS) and its implementation 
boundaries (e.g. watershed). Adapted from Nafi et al. (2014). Sub-systems fulfil several standard technical 
functions, while externalities include additional ones, e.g. environmental conservation or prevention of 
pollution. 

To this end, the performance of life cycle management tools at an UWMS level could serve the 

goal of integration of those elements considered as externalities from a single-actor perspective 

(water industry), such as environmental conservation. An integrated life cycle management system 

is a prerequisite for demonstrating the benefits of strategies adopted, because, to date, the costs 

are isolated and addressed in fragmented ways across various actors (Nafi et al. 2014). Few recent 

case studies include a costing assessment as well. However, an explicit, joint LCA and LCC study 

has not yet been published. Therefore works to date perform costing analyses to identify the 

financially favourable option from a selected perspective (Bernard et al. 2014) or make use of 

economic valuation techniques (e.g. Willingness to Pay-WTP) either as weighing factors to the LCA 

results (Wang et al. 2013a) or as a value indicator (Mouri et al. 2013b). As case studies fail to 
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combine environmental and economic assessment of services and policies related to the urban 

water cycle, other works attempt to develop costing tools and concepts applicable in synergy with 

the environmental life cycle assessment or shed light on methodological ambiguities. Thus, 

Jeppsson et al. (2014) develop a decision support tool to be used in the evaluation of 

control/operational strategies in water industry. They introduce a 3D graphical representation that 

shows interactions among effluent quality, operational cost and greenhouse gas (GHG) emissions, 

pointing out the importance of considering the existing interactions between the different stages 

of the urban water line. This 3D model graphic fits the concept of the portofolio presentation as 

suggested for the environmental and societal life cycle costing (LCC) results (Ciroth et al. 2008). 

Another study (Igos et al. 2013) develops a novel cost performance (CP) indicator, aiming to fairly 

compare water production plants. The rationale of monetised environmental assessment results 

lies on the fact that they can be easily communicated to decision makers and this work highlights 

the meaningfulness of using monetised LCA results in comparison with operational costs. Igos et 

al. 2013 make use of two monetisation methods: Eco-costs2007 (Vogtländer et al. 2010) and 

Stepwise2006 (Weidema 2009), both compatible with LCA software (SimaPro). After assessing and 

contrasting the obtained results, they conclude that it is not possible to state which LCIA method 

shall be preferred, as each method has its strength and drawbacks.  

A more integrated approach is presented in Nafi et al. (2014), which introduces a method for 

the economic analysis of urban water management systems (UWMS) providing services, based on 

the principles of functional analysis (FA), Activity Based Costing (ABC) and Whole Life Costing 

(WLC). The cost structure is analysed according to the activities and physical flows comprising the 

primary and secondary functions of an UWMS. The method is not used in conjunction with an 

environmental assessment.  

It appears that the economic sustainability of organisations and utilities comprising the urban 

water management systems is a real challenge, which has, to date, led to the development of a 

costing frameworks. From a policy perspective, the use of economic tools and principles for the 

achievements of the objectives of the Water Framework Directive (WFD, 2000/60/EC) is one of its 

most novel and interesting aspects. It is stated that all the costs assumed in the urban water cycle 

have to be recovered by the different agents involved. Cost-effectiveness analysis (CEA) has been 

widely adopted by organisations as the economic tool for the Programs of Measures (PoMs) of 

each river basin. In brief, CEA is a decision-support tool that enables the assessment of cost and 

effectiveness of different policy options (Martin-Ortega et al. 2012). In addition, multi-criteria 

decision analysis has been popular in policy-related works (Prato and Herath 2007), a tool which 
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proved to be more appropriate for community-based approaches to water management. Recent 

literature (Termes-Rifé et al. 2013) though, suggests that Life Cycle Costing (LCC) could be a useful 

tool to calculate costs associated with the urban water cycle activities. Nevertheless, 

methodological improvements in its implementation are considered necessary to overcome 

controversial results.  

2.6.2. Life Cycle Management and Resources 

While life cycle thinking and assessment may play a critical role for more robust and 

comprehensive evaluation of resources, the existing life cycle methods are widely debated 

(Klingamir et al. 2014). Water and land use have to date been encountered as unique categories 

from LCA studies. The fundamental and various functions provided by water and its relevance to 

all areas of protection, place it apart from the other abiotic resources (Finnveden et al. 2009). Land 

use has been kept as its own category, since it is neither as clearly to be characterised in mass or 

volumetric terms, nor as biotic or abiotic (Goedkoop et al. 2009).  

To address the gap of the traditional LCA view on water as an input flow, the United Nations 

Environmental Programme (UNEP) in collaboration with the Society of Environmental Toxicology 

and Chemistry (SETAC) Life Cycle Initiative working group launched the “WULCA” initiative 

(www.wulca-waterlca.org) (Koehler and Aoustin 2008) in August 2007. Their work has focussed on 

the assessment of water use from a life cycle perspective. Among the objectives of WULCA, is the 

establishment of adequate water inventories for LCA studies and the provision of guidance in the 

freshwater use modelling. The Water Footprint standard (BS ISO 14046, 2014) is the major 

outcome of the initiative and provides the principles, requirements and guidelines for the 

assessment of a ‘water footprint’ and for performing water-related LCA studies, which focus on 

supply-chain management, products, operations and inter-basin water “trade”. A more detailed 

discussion to follow in section 2.6.3. and in Chapter 6.  

Kounina et al. (2013) review the methods for addressing freshwater use in the life cycle 

inventory stage of a water-related LCA study. The review highlights that inventory methods 

generally suggest concepts for a systemic classification of freshwater elementary flows according 

to their type (surface, groundwater, precipitation water stored as soil moisture etc.) and describe 

technical water flows (e.g. irrigation water). Currently, there is a lively discussion from a growing 

body of academic literature (e.g. Hoekstra et al. 2016; Pfister et al. 2015; Ridoutt and Pfister 2013; 

van Hoof et al. 2013) on the advancements of the methods addressing water use from a life cycle 

perspective, through case studies or critical reviews.  
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For renewable resources it is less easy to draw the boundaries between the technical and the 

natural system; that is part of the explanation why it is difficult to describe effects of land use in 

LCA (Baumann and Tillman 2004). There are generally two categories of land use change: direct 

(i.e. modification of a land parcel) and indirect (effect of modified land use on other areas (i.e. and 

these have differing implications regionally and globally (Caffrey and Veal 2013). Despite the 

intrinsic link between water resources and land, an exhaustive literature review on the recent 

advancements and application of LCA in the arena of land use and its impact assessment is 

considered out of the scope of the undertaken research. A brief overview of the literature is 

presented, mainly focussing on LCA methodology and agricultural systems. In following chapters 

and when relevant to the needs of the research, literature will be retrieved to facilitate the 

discussion of the findings and their relevance to the wider picture of sustainability assessment of 

natural systems.  

Agriculture is an incredibly diverse field. Variations in management practices exist in multiple 

scales, making it difficult for a general LCA to be conducted on agricultural activities (Caffrey and 

Veal 2013). The question of whether LCA can be applied to agricultural production systems was 

raised in 1990s (van der Welf et al. 2013). Since then, the rapid development in interdisciplinary 

research between agronomic, food/nutrition science and security and environmental systems 

analysis has boosted the parallel development of LCA methodologies in the broad agricultural 

sector. Several of its aspects are covered by recent LCA developments, ranging from general 

perspectives on LCA and food system sustainability (Soussana 2014; van der Welf et al. 2014), 

methodological improvements (Bello-Maurel et al. 2014; Pfister et al. 2014; Hospido et al. 2013) 

and case studies in agricultural and food production and consumption (e.g. Hörtenhuber et al. 

2014; Lamastra et al. 2014; Xue et al. 2014; Ridoutt et al. 2014, Ruviano et al. 2014, Zonderland-

Thomassen et al. 2014, Gerbens-Leenes et al. 2013, Herath et al. 2013, Milà i Canals 2010).  

A major outstanding challenge in the application of LCA in agricultural system lies to the 

absence of a coherent approach to dealing with the issue of land use. Currently LCA methodologies 

use metrics of arable land use (m2) to assess impacts, but more expanded definitions and 

boundaries are needed to assess specific impacts associated with land disturbance. An integrated 

approach assessing both environmental and economic aspects of land use has been adopted for 

the UK (Brandão et al. 2010), acknowledging soil management and fertilisation as the most 

dominant factors for climate impacts per monetary unit. Other works assess the impacts of land 

use on biodiversity loss (de Baan et al. 2013; de Souza et al. 2013) and on climate change (Perrin 

et al. 2014; Müller-Wenk et al. 2010). Methodological challenges and uncertainty related to data 
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quality issues are also discussed across these studies. Geyer et al (2010) stress the necessity of 

modelling land use in a spatially explicit manner. Their work illustrates that a GIS-based inventory 

modelling of land use allows for important refinements in LCA theory and practice, while land use 

can be expressed as a set of elementary input flows. 

The application of LCA and land use focus mainly on the assessment of agricultural systems and 

the issues arising relate to natural resources, land use change, livestock and management 

strategies. Other issues include economics, energy usage and societal concerns related to 

agriculture, as well as data requirements and uncertainty of the outcomes due to lack of reliable 

data. Future challenges may also consider the choice of the appropriate functional unit, the 

improvement of models for estimating emissions from biological factors, the understanding of 

systems’ resilience and the transparency and presentation of the results (van der Werf e al. 2014). 

Similar needs and challenges are also identified in the application of LCA in site remediation 

services (Morais et al. 2010). The time-scale of the assessment, the importance of regional-specific 

modelling and the potential of LCA as a decision-making tool are highlighted as priorities. 

According to Soussana (2014), bridging the gap between LCA and natural capital assessment can 

be seen as key target for future research on the sustainability of agricultural systems.  

Nevertheless, developing methods without considering application context should be avoided. 

On the contrary, publishing case studies and applications of LCA on production systems enhances 

interactions between scientific disciplines (van der Werf e al. 2014). Towards this direction, the 

integration of the concept of ecosystem services in the LCA framework has been proposed (Zhang 

et al. 2010), named as Eco-LCA. Recently, an ecosystem services approach has been applied on a 

case study for the Great Barrier Reef in Australia (Butler et al. 2011), analysing the trade-offs of 

different management scenarios on land use and water quality and exploring the potential use of 

this approach as a planning tool. This work provides a progressive step towards a generalised 

assessment at a catchment scale, while shedding light on the limitations of such an approach. In 

the European context, the development of the first atlas of ecosystem services at the scale of 

Europe (Maes et al. 2011) shows progress in the regionalisation of the ecosystem services prior of 

their inclusion in the LCA framework.  

Together, the literature on the use of LCA in the water systems highlights current research 

interests and provides insights into future challenges. The growing number of case studies on the 

field suggest the importance of dealing with water challenges at a local scale, since the variables 

related to the natural –and thus to the urban-water cycle greatly vary spatially. By this time, focus 

in on arid or semi-arid regions, where scenarios have been assessed towards a sustainable water 
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resources allocation. Moreover, in contrast to the focus of the majority of LCA case studies, these 

works also address the impacts related to water use, in terms of both quality and quantity 

requirements. In addition, the need to move from the plant scale to a broader approach is 

highlighted in many studies. System boundaries have expanded to include the whole urban water 

cycle and in few case a city or a river basin. Whilst the boundaries are enlarged, the advancement 

of characterisation factors to address problems at regional scale is becoming more important. In 

the same vein, many works stress the improvement of data quality and the reduction of 

uncertainty in the results. Last but far from least, enhancement of stakeholders’ participation and 

links of LCA to costing and societal aspects to complete the whole picture of sustainability are 

thought to be necessary. Methodological improvements for the linkages between LCA, LCC and 

evaluation methods are required. 

In summary, the LCA frameworks related to natural resources have shown progress over the 

last few years, but there are still many challenges to be addressed. While a number of methods 

addressing freshwater and land use have emerged, more applications and case studies will reveal 

their applicability, strengths and weaknesses. The complexity of natural systems entails an 

integrated and holistic approach towards their assessment; thus, the application of Life Cycle 

Thinking could be tested as part of a sustainability assessment.  

2.6.3. Water Inventories and Water Footprints 

Life Cycle Thinking has a dynamic presence in the field of Water Accounting, mainly with the form 

of Water Inventories. Literature shows a rapid development of Water Inventories as part of the 

well-established methodology of LCA, which focus on the creation of indicators that can best 

describe the water use or consumption over the lifespan of a product (system, process etc.) and 

the water-related environmental impacts.  

In the arena of Water Inventories, there is a parallel development: the Water Footprint 

Assessment (WFA) as described in its standardised version in the Water Footprint Network manual 

(Hoekstra, 2011) and the Water Footprint ISO standard (henceforth LCAwater) (BS ISO 14046:2014) 

which is developed as a means to improve the assessment of water-related impacts within LCA 

studies. Both methodologies aim to help practitioners preserve water resources. However, their 

approach, focus and level of applicability differ in these research streams. Boulay et al. (2013) 

compare the two methodologies, summarising their similarities and differences (Figure 2.7): both 

methodologies comprise of four steps (goal & scope definition, accounting/inventory phase, 

impact assessment, response/interpretation), but the use of quantitative indicators is 

differentiated (accounting versus impact assessment phase). The article concludes that the 
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methodologies are fulfilling complementary goals and their synergetic use could benefit future 

progress. It appears that both developments also share a number of methodological limitations, 

mainly related to the lack of standardised approaches for the quantification of water amounts and 

to the resources and data intensity of their application.  

Many researchers and practitioners are puzzled by the different types of assessments and 

interpretations of the WFA’s method and the draft ISO’s norm, particularly by the differences in 

the definition of “water footprint”, while the publication of multiple standards leads to further 

confusion (Tillotson et al. 2014). 

In the ISO standard, the ‘Water Footprint’ is defined as a metric that quantifies the potential 

environmental impacts related to water, while the accounting phase of a water-related LCA is 

conducted as part of the inventory phase (LCI). From an LCA perspective, the Water Footprint 

Inventory is the compilation and quantification of inputs and outputs related to unit processes that 

make up the product system. It does not include merely water volumes, but all inputs and outputs 

of a product system that may result in environmental impacts associated to water as a resource. 

A water footprint can be represented as a result of a stand-alone assessment or as a sub-set of 

results of a larger environmental assessment, such as a full-LCA.  

 
Figure 2.7.: The comparison between the Water Footprint Assessment and the water Life Cycle Assessment 
frameworks –adapted from Boulay et al. (2013). Both methodologies comprise of 4 steps: goal & scope 
definition, accounting/inventory phase, impact assessment, response / interpretation. The use of quantitative 
indicators is differentiated (accounting versus impact assessment phase). 

As originally defined by the WFA working group, the water footprint (WF) is an indicator of 

freshwater use that looks at both the direct and indirect use of water of a consumer or a producer 

(Hoekstra 2003). It is a volumetric, multidimensional indicator, showing water consumption 
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volumes by source and polluted volumes by type of pollution. The WF can be calculated for 

different entities (e.g. a step, a process, a product, a nation etc.), different groups of consumers 

(e.g. an individual or a family) or producers (e.g. an enterprise or an economic sector) and for 

different geographically delineated spatial scales (e.g. a country, a region or a catchment). The WF 

is a geographically and temporally explicit indicator, showing not only the volume of the 

consumptive water use and pollution, but also the locations and time. It is not, though, an indicator 

of severity of the local environmental impact of water consumption and pollution; therefore, it 

does not address environmental issues other than freshwater scarcity and pollution. 

The augmented number of concepts and methods related to the assessment of freshwater use, 

has driven the publication of a number of review papers (Núñez et al. 2016; Boulay et al. 2015a,b; 

Kounina et al. 2013; Berger et al. 2010) and case studies (Boulay et al. 2015 a,b,c,; van Hoof et al. 

2013; Godskesen et al. 2013; Yang et al. 2013; Angrill et al. 2012; Gleeson et al. 2012; Stoeglehner 

et al. 2011; Pfister et al. 2009), which address regional water resources at various scales (product, 

aquifer, hinterland, urban, groundwater catchment, watershed).  

Literature shows a dynamic progress in the methodologies addressing water-related impacts in 

LCA studies (e.g. Bayart et al. submitted) which will be extensively discussed in a following chapter 

(Chapter 6). The advancements are also highly debated (Hoekstra 2016). The outstanding 

challenges mainly relating to the data quality and management in water-related LCA studies are 

addressed in recent literature. Pfister et al. (2015) described the improved version of the Ecoinvent 

database (Ecoinvent version 3.1) The advancements allow the inclusion of relevant flows to 

address water use in LCA and calculate WF on the product level for most processes, including 

uncertainty information. The comprehensive data collection of water use data is at the process 

level, facilitates the assessment of water use within LCA and water footprinting beyond agricultural 

production and enhances the transparency in the calculations. Nevertheless, data quality and 

spatial resolution issues still remain. From a scientific point of view, a high spatial resolution is 

preferable for the inventory and impact assessment phases (Pfister et al. 2011), while practitioners 

are often satisfied with country-level resolution (Vionnet et al. 2012). 

The concept of WF and the WFA methodology have been broadly accepted by global and 

national policy-makers and substantially influenced strategic planning at a regional scale. The 

outputs of these projects have highlighted areas of improvement in different research areas and 

economic sectors or even formulated responses for specific regions. In the research arena, the 

WFA methodology has been widely applied. A recent Scopus search showed that during the last 

five years (2012-2016), over a 100 research papers have been published following the WFA 
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methodology for diverse topics, ranging from methodological improvements to case studies and 

future scenario analyses. Although it has been mainly applied in agricultural systems and products 

(e.g. Ran et al. 2016; Hess et al. 2015), its application at the urban water cycle level is showing 

significant progress (Manzardo et al. 2016). A more detailed methodological discussion follows in 

Chapter 6.  

In the published works, there is a unanimous agreement that the development of WF has driven 

substantial progress in the elaboration of water use in the production and consumption of final 

products at different geographical scales and in the quantification of water regimes for complex 

environmental and economic systems. Nevertheless, the WFA methodology has received severe 

criticism (Pfister et al. 2016; Wichelns 2015; Chenoweth et al. 2014; Yang et al. 2013) mainly in 

regards to the limitations and shortcomings with regard to policy relevance, data accuracy, 

methodological approaches and conceptual consistency. The value of WF for policy-making in 

water resources management is considered unclear or limited (Chenoweth et al. 2014; Perry 2014, 

Yang et al. 2013). The criticism focusses on the limitation of the WF to shape optimal strategies, 

mainly regarding issues such as water scarcity or international trade (Wichelns 2015). It is also 

criticised for not being an analogous to other existing environmental footprints, and for its 

seemingly simple and misleading single production unit and form. According to Yang et al (2013), 

more studies at different scales are required, along with the adoption of interdisciplinary 

approaches to allow WFA to include issues relating to climate change and uncertainty and to 

harmonise the conceptual bases of the components of the WF.  

2.7. Overview of the literature: research gaps and opportunities arising  

The literature shows a consensus that, currently, the priority areas in the field of water science and 

sustainability include the adoption of a systemic approach to water challenges and the creation of 

systemic, integrated approaches to address sustainability issues. It is highlighted that such 

approaches would have value both for academic research and industrial applications, especially in 

the field of strategic asset management. They would also enable the implementation of national 

and international policy demands, while pulling together the fragmented field of sustainability.  

The essence of examining the “local context” when assessing water impacts has also emerged, 

relating to the discussion that water challenges are strongly dependant on the local factors at a 

catchment scale, such as the ecosystem, communities or water users. This is much relevant for the 

water sector, which is encouraged to adopt systemic approaches for the management of their 

asset systems. The practice to date reveals a rather introverted approach to asset management 
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strategies with infrastructure (i.e. built and financial capital) at their core. However, the more 

holistic and systemic examinations of the local context and the identification of water-related 

“hotspots” would assist companies to prioritise investment or risk-mitigating actions, such as 

policy engagement and community outreach. The creation of approaches that would enable 

businesses to integrate natural capital in their planning and practice has been recognised as a 

priority area for future research (Natural Capital Initiative 2015).  

The advancements of water inventorying and impact assessment methods have, to date, 

enabled studies at an urban level with focus on the urban/artificial water cycle. Thus, the “local” 

aspect has been addressed, but not within a geographically delineated boundary, such as that of a 

catchment (or watershed). The latter would enable comparisons among well-defined systems, the 

shift towards uniform assessments, and the adoption of a holistic view, more relevant to policy 

demands. Enlarging the focus of asset management to wider systems would enable the integration 

of local and diverse elements- such as the ecosystem and its services- in the asset management 

portfolio of the water sector.  

Table 2.3.: The field of Water Accounting. Water Account are based on the National Statistic Accounts and have 
expanded to include physical flows. Water Inventories are mainly related to the concept of ‘Water Footprint’, 
where two parallel developments are observed: water-related LCA (LCAwater) and Water Footprint Assessment 
(WFA). 

Water Accounting 

Water Accounts Water Inventories (& Footprints) 

Accounts in tabular format Water indicators and metrics 

Based on macro-economics & the System of National 
Accounts 

Based on Life Cycle & Water Footprint 
Assessments 

Sector level & National scale Product level & Multiple scales 

Inform sectorial & governmental decision-making Inform sectorial decision-making & practitioners 

Direct policy relevance (WFD, Phase 2 of RBMPs) Indirect policy relevance 

Data quality & availability limitations Data quality & availability limitations 

Multiple accounts (e.g. SEEAW, AWAS) & outstanding 
methodological challenges 

Multiple indicators, ambiguity in terminology & 
outstanding methodological challenges 

The application of Life Cycle Thinking through the joint use of the Life Cycle Management tools, 

has been identified as a prominent framework towards achieving a robust assessment of 

sustainability issues, the design of effective strategies and the formulation of well-informed 

decisions. In the arena of water research, the advancements in the field of Water Accounting are 

promising for the performance of sustainability assessments of water systems.  
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Literature shows evidence of the parallel development of two streams of research for Water 

Accounting (Table 2.3.). Water Accounts provide a structured, tabular format which is based on 

the System of National Accounts. Their methodology has been altered to include the accounting 

of physical flows, such as water, at a sectorial or national level. Their advancements have the 

potential to inform sectorial and governmental decision-making, as they have direct relevance on 

current policy demands. There is a growing volume of academic literature on the advancements 

of Water Inventories with the development of multiple indicators under the umbrella of the 

concept of ‘Water Footprint’ and two types of environmental assessment: water-related LCA 

(LCAwater) and Water Footprint Assessment (WFA). Their methodologies are constantly evolving, 

resulting in a lively research dialogue. Their advancements to date allow for environmental 

assessment of freshwater use mainly at a product level, but for multiple scales. Their indicators 

and results have the potential to indirectly inform decision-making at sectorial or industrial level.  

Despite the advancements, the field of Water Accounting suffers from a lack of harmonisation 

among the available methodologies, while further methodological improvements are also 

required. The quality and availability of data necessary for the performance of the assessments or 

the construction of the accounts hinder their systematic use.  

The two prominent methodologies form the field of Water Inventories use the term of ‘water 

footprint’ (WF) to describe different aspects of the environmental assessment, causing 

terminological ambiguity. Thus, WF is a volumetric indicator for the WFA methodology, but an 

impact-related figure for LCAwater. In the WFA literature, the concept of WF as a volumetric 

indicator has been widely used in agriculture and more recently in urban water systems, but the 

impact assessment phase of the methodology is rather immature and relevant only to water 

assessments. On the other hand, LCA is a well-established tool and water-related LCA is flourishing, 

especially in regards with the development of impact indicators and the standardisation of cause-

effect relations for water pathways. The issues arising from these parallel and rather competitive 

research developments are related not only to the terminological confusion, but also to the lack 

of harmonisation and the unavailability of adequate data at different levels and scales. Further 

discussion and more practical applications are needed to show the real value of the recent 

developments and for a consensual agreement on the tools applied.  

In the arena of LCA, a growing volume of literature suggests the expansion of system boundaries 

for water studies, in order to include the water cycles as wholes. The impact assessment needs to 

address water use, in terms of both quality and quantity requirements, at a regional scale. Whilst 

the boundaries are enlarged, the advancement of characterisation factors to address problems at 
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regional scale is becoming more important (Arbault et al. 2014). In the same vein, many works 

stress the improvement of data quality and the reduction of uncertainty in the results. Last but far 

from least, enhancement of stakeholders’ participation and links of LCA to costing and societal 

aspects to complete the whole picture of sustainability are thought to be necessary. 

Methodological improvements for the linkages between LCA, LCC and evaluation methods are 

required. As pointed by McManus and Taylor (2015) for the further development of the LCA 

methodology, “a consistent approach is required across sectors, which starts with uniformity in 

systems boundaries”. 

Together, literature shows a unanimous need for integrated, systemic approaches at a regional 

scale. Despite the research developments in the field of natural resources accounting and 

environmental assessment, many methodological challenges are still to be addressed. While a 

number of methods addressing freshwater and land use have emerged, more applications and 

case studies will reveal their applicability, strengths and weaknesses.  

The complexity of natural systems entails an integrated and holistic approach towards their 

assessment, while the localised character of water resources stresses the need for shifting towards 

regional assessments. Thus, the application of Life Cycle Thinking could be tested as part of a 

sustainability assessment at a catchment scale.  
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Chapter 3: Research Framework 

Chapter 3 focuses on the approach of the research and presents the aim and objectives, along with 

the methods and methodology adopted to conduct the research. Throughout, specific choices are 

made to serve both research and pragmatic purposes; i.e. industrial requirements, related to the 

strategic planning of the industrial partner of the doctoral research project (i.e. Wessex Water 

Services Ltd). Thus, it can be categorised under action research, in terms of its practical nature. 

This type of research aims at dealing with real-world problems and issues (Denscombe 2010). 

However, as action research is quite clearly a strategy, rather than a research approach, in this 

work it serves as the link between research and practice, when it comes to the selection of the 

location (i.e. catchment) under study.  

The work cuts through various disciplines that range from asset to water management, but also 

include environmental and catchment science, ecosystem services, policy-making, and, finally, 

systems thinking. The “multi-disciplinarity” of the work, in combination with its aspiration to 

address real-world issues through a holistic approach, classifies the research under 

transdisciplinary research.  

3.1. Transdisciplinary Research  

According to Leavy (2011), transdisciplinarity is a social justice oriented approach to research in 

which resources and expertise from multiple disciplines and stakeholders (academia, industry, 

policy) are integrated in order to holistically address a real-world problem. It is issue- or problem-

generated, not discipline-driven (Krimsky 2000), and thus, it is a way of putting the research 

problem, topic, issue or question at the centre of research process, irrespective of one’s “home” 

discipline. The research questions are framed according to the real-world problems that need to 

be solved and based on the sets of disciplinary knowledge necessary at each stage. 

Transdisciplinary approaches are increasingly encouraged as they are more likely to make research 

more useful to a range of stakeholders (academics, policy makers, the society) and enable the 

research undertaken to broadly reflect the interests of those involved (Bracken et al. 2015).  

Many researchers suggest that transdisciplinarity is not a method for doing research or an 

outcome of research, but rather an approach to the research process (Klein 2004; Lawrence and 

Després 2004) or a “new way of thinking” (Giri 2002). It is a goal-oriented process rather than a 

knowledge production process per se (Walter et al. 2007), which enables researchers to transcend 
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disciplinary limitations and create new knowledge through the combination of theories, 

methodologies and data.  

Transdisciplinarity involves the adoption of a systems view, which is a powerful concept to 

complex research projects (Schwaninger et al. 2007). Its overall goal is to provide a holistic and 

synergetic approach to studying the issue or problem and to enable researchers to build 

conceptual and methodological frameworks (Leavy 2011). The key principles of transdisciplinary 

research also include transcendence, emergence, synthesis, integration, innovation and flexibility 

(Leavy 2011; Lawrence 2004) (Table 3.1.).  

Although multi-disciplinarily and inter-disciplinarity have formed the basis for the development 

of transdisciplinary research, these terms differ significantly on the degree of integration of 

concepts, theories, methods and findings involved (Table 3.2.), but also on the level of interactions 

among disciplines and collaboration among researchers (Cameron and Mengler 2009).  

Table 3.1.: Principles of Transidsciplinarity, according to Leavy (2011).  

Principle Practice 

Issue- or Problem- Centred 
Problem at centre of research; determines use 

of discipline & resources and guides 
methodology 

Holistic or Synergetic Research Approach 
Problem considered holistically through an 
iterative research process which produces 

integrated knowledge 

Transcendence 
Researchers build conceptual frameworks that 

transcend discipline perspectives in order to 
effectively address the research question 

Emergence 
Placing the problem at the centre of research 

cultivates the emergence of new conceptual and 
methodological frameworks 

Innovation 
Researcher build new conceptual, 

methodological and theoretical frameworks as 
needed 

Flexibility 
Iterative research process requires openness to 

new ideas and willingness to adapt to new 
insights 

Table 3.2.: A comparison of Multi-Disciplinarity, Interdisciplinarity and Transdisciplinarity, according to Leavy 
(2011).  

 Level of Collaboration between Disciplines 

Multi-Disciplinarity 
Collaboration between two or more disciplines 

without integration 

Interdisciplinarity 
Collaboration between two or more disciplines 
with varying levels of integration of concepts, 

theories, methods, findings 

Transdisciplinarity 

Collaboration between two or more disciplines 
with high levels of integration causing the 

development of new conceptual, theoretical and 
methodological frameworks 



 44 

Evaluation is a particularly thorny issue in transdisciplinary research because no clear peer 

community has yet been firmly established (Stavridou and Afonso 2010; Wickon et al. 2006). 

Nevertheless, transdisciplinary research can largely be evaluated with respect to effectively 

addressing the issue or problem at hand, its focus on the research objectives, the use of 

appropriate strategies, and largely, against its key principles.  

The research undertaken is transdisciplinary in nature, which will be evaluated in a later stage 

(Chapter 7), against the criteria described above. The transdisciplinary approach selected for the 

research project is reflected in the methodological choices made throughout, from the selection 

of the tools and techniques, through to the critical analysis of the outputs in terms of their 

suitability to provide a holistic view to water and asset management at a catchment scale.  

3.2. Research Aim & Objectives  

The aim of the research is to provide a catchment scale modelling schema for holistic asset 

management in the water sector.  

In order to achieve the aim, the following research objectives have been identified: 

1. Define holistic asset management.  

2. Select the techniques and define the rules for the creation of the catchment scale modelling 

schema. 

3. Determine the tools and create the rules for the assessment of the environmental 

performance of holistic asset management strategies. 

4. Investigate the applicability of the modelling schema and the environmental performance 

assessment through an industrial case study.  

5. Evaluate the practical value of the research outcomes through a critical analysis.  

3.3. Research methods  

Transdisciplinary research projects typically require the use of more than one methods (i.e. tools 

used to gather and interpret data), which are selected for the utility to serve the specific problem 

or issue under study. Therefore, transdisciplinary projects often involve multi-method or mixed-

methods designs which are constructed in service of the research goals.  

Mixed-methods provide a practical approach to research problems, emphasising on 

pragmatism. After Hesse-Biber and Leavy (2011), mixed methods and multi-methods designs –in 

their best form- offer holistic approaches to research, where each component of the research 

speaks to other components. In other words, in their best execution, the use of multiple methods 

is not simply additive, but rather, the use of each method informs the use of the other methods.  
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The decision of tools and techniques within a mixed-methods strategy is based on how well 

they fit within the research philosophy (Leavy 2011; Denscombe 2010). This approach is ‘problem-

driven’ in the sense that it treats the research problem as the overriding concern and adopts a 

pragmatic position that allows to bring together methods drawn from ‘paradigms’ of research 

conventionally regarded as incompatible (Denscombe 2010). Moreover, it allows the simultaneous 

use of both quantitative (QUAN) and qualitative (QUAL) tools within a single research project, 

while focusing on the need to explain why the various approaches are beneficial and how the 

alternatives are to be brought together.  

In the frame of the doctoral research, the mixed methods approach has proven beneficial in 

several stages and for different purposes. At first, the creation of the modelling approach and 

schema, as described in the research aim (section 3.2.), has been based on the conjunction of 

various tools –both quantitative and qualitative- which have been selected as the most appropriate 

to fulfil the scope of the work. In addition, the creation of the methodology for the assessment of 

the environmental performance of the catchment-based strategies has been based on 

standardised methods- such as Life Cycle Assessment (ISO 14046:2014; ISO 14040:2006)-, which 

involve both quantitative (e.g. inventory and impact assessment) and qualitative (e.g. 

interpretation) stages. Further, the computation of environmental outputs has been conducted 

with mathematical forms and indexes, while the use of specific software has supported the 

computation of several features. The data analysis has been performed according to scientific 

methods and the discussion of the results and research outputs is based on an extensive literature 

search. Detailed description of the methodological choices made will be extensively discussed in 

the chapters discussing the creation of the modelling schema and of the environmental 

performance assessment (Chapters 5 and 6 respectively).  

In terms of data collection methods, documents (reports, literature), datasets and databases 

have been used. Since a part of the research focuses on a particular case study, preliminary data 

is essential to better describe the current status of the selected catchment and perform the 

environmental assessment. However, in order to serve the scope of the research within the limited 

time assigned, it has proven more pragmatic to rely on secondary data, while rigorously evaluating 

the credibility of their sources. The industrial partner of the research has provided catchment-

specific reports and data. In addition, datasets on climatic and environmental parameters have 

been accessed when appropriate. When required and if applicable, published data and results 

from relevant studies across the UK or the globe were used. Data collection was predominantly 
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driven from the needs of the methodological choices, as will be discussed in a later stage (Chapter 

6).  

3.4. Rules for formulating a methodology for transdisciplinary projects  

The design of transdisciplinary research requires an evolving approach that follows an iterative or 

responsive process where the methodology matures over the course of the research process as a 

result of new learning (Wickson et al. 2006). A responsive approach to research design helps to 

ensure that the research problems and questions stay at the centre of the research process. 

Moreover, the research design strategy should be holistic and involve a synergetic approach to 

research (Leavy 2011).  

While transidsciplinarity allows to research complex problems, researchers may select topics in 

a variety of ways, including their awareness of a pressing need/problem/issue in the society. 

Transdisciplinary research topics may be organised around a “site”, i.e. a conceptual space where 

disciplines assemble (Krimsky 2000). Thus, situational context becomes important in studies of the 

concrete real world, whose results need to be comparable or transferable. This is a strong 

argument for a case study method in transdisciplinary research (Walter et al. 2007). A case has to 

be selected from the viewpoint of science, which aims at deriving generally valid insights (Yin 

2009). Therefore, a case represents a general problem, but in a specific and unique shape. The 

question of the transferability of the results has to be part of the scientific research (Walter et al. 

2007).  

The case study method, as defined by Yin (2009) is an empirical inquiry that investigates a 

contemporary phenomenon within its real-life context, addresses a situation in which the 

boundaries between phenomenon and context are not clearly evident and use multiple sources of 

evidence. The case study is a method of choice when the phenomenon under study is not readily 

distinguishable for its context (Yin 1993). According to Denscombe (2010), the case study approach 

can use a wide range of phenomena as the unit of analysis, but, in order to qualify as something 

that lends itself to case study research, it is crucial that the unit has distinct boundaries. In the case 

of a catchment-based approach, the boundaries are those of the watershed, as defined by its 

geophysical and geographical structure.  

The aim of case studies is to illustrate the general by looking at the particular. The logic behind 

concentrating efforts on a single case rather than many is that there may be insights to be gained 

from looking at the individual case that can have wider implications and, importantly, that would 

not have come to light through the use of a research strategy that would cover a large number of 
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instances (Denscombe 2010). Many of the features associated with a case study are not necessarily 

unique; however, when combined, they give the approach its unique character. The rigor of a case 

study should be judged by validity and reliability (Yin 1993).  

Further to the well-known use of case studies to develop new hypotheses, the case study 

method can serve evaluation needs by being able to assess outcomes and test hypotheses (Yin 

1993). To achieve that, a major prerequisite is the development of causal relationships, which will 

then become the main vehicle for developing generalisations.  

Life Cycle Management tools (e.g. LCA) could prove useful for transdisciplinary research, 

provided their iterative character in the sustainability assessment of impacts of a 

product/system/activity using both quantitative qualitative tools. Case studies can illustrate how 

effective life cycle management approaches -such as the combination of LCA with other 

techniques- could become in practice, when used to evaluate sustainable alternatives for product 

systems (Klöpffer et al. 2008). 

3.5. Research approach  

The research undertaken explores how life cycle management tools and their underpinning 

rationale can inform the creation of new modelling methodologies, applied to catchment systems. 

Based on the principles of transdisciplinary research, a flexible approach has been followed for the 

creation of the modelling schema. The selection of methods from other disciplines have been 

employed to overcome methodological barriers imposed by the life cycle management tools. This 

has enabled not only the creation of a transdisciplinary modelling methodology, but also 

knowledge transfer across disciplines, such as hydrology and integrated catchment management. 

The modelling methodology includes two main features: the modelling schema, which represents 

the model’s external structure, and the modelling inventory, which represents the internal 

anatomy of the model.  

The research outputs were then implemented in an industrial case study. A rural catchment 

system has been selected as the case study, whose example has revealed the strengths and 

limitations of the methodology created. The contribution of the methodology to current practice 

and needs of the water sector is then discussed, especially in regards to policy compliance and 

strategic asset management planning. The discussion evaluates the transdisciplinary nature of the 

research and highlights areas of future work, especially for the further development of the 

research outputs, their reproducibility to other catchment systems and their contribution to other 

research areas.  
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A modular research approach has been followed throughout the research (Figure 3.1.). For each 

of the research objectives – as defined in section 3.2.- an individual research approach was 

selected. The structure of this document reflects the modularity of the approach. Thus, the main 

research outputs are presented in Chapters 5 and 6, while the critical evaluation of the 

methodologies and of their practical value are discussed in Chapter 7. The steps undertaken to 

meet the individual research objectives have contributed to meet the overall aim of the research.  
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Figure 3.1.: Modular Research Approach. For each of the research objectives, an individual research approach 
was selected. The steps undertaken contribute to the completion of the overall research aim.  
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Chapter 4: Case Study 

The chapter introduces the industrial partner of the research project and discusses their strategies 

and planning for asset and catchment management. Then, the catchment selected as a case study 

for the needs of the research is presented, along with an overview of its key environmental issues. 

Based on the findings of the latter section, the final part of the chapter focusses on the studies 

undertaken by third parties for the same catchment system and analyses their recommendations 

for tackling key issues in the catchment.  

4.1. Industrial Partner: Wessex Water Services Ltd   

Wessex Water Services Ltd (henceforth referred as: WSX), an YTL Power International company, is 

the industrial partner of the research project. They are a regional water and sewerage business 

serving 2.7 million customers across the south west of England (Figure 4.1.) including the areas of 

Dorset, Somerset, Bristol, most of Wiltshire and parts of Gloucestershire and Hampshire. Among 

the primary aim of WSX is to secure excellent standard of service by providing high quality water 

and environmental services that protect health, improve the environment and give customers 

good value for money. The efforts and continuous improvements have been rewarded by the 

economic water industry regulator, Ofwat, who has recognised WSX as one of the most efficient 

water and sewerage companies in England and Wales.  

As analysed in their latest public reports (Wessex Water Services 2014), WSX investment 

strategies have managed to transform their customer service, to increase the company’s efficiency 

and to achieve major improvements in the water environment by securing compliance with 

environmental standards. To this end, WSX has delivered a substantial environmental programme, 

which is driven by European regulations and overseen by the environmental regulator, the 

Environment Agency. As a means of addressing local issues, WSX has trialled the adoption of 

catchment management strategies for tackling pollution levels, instead of implementing typical 

end-of-pipe solutions. To support such approaches, they have created a team of farm advisers who 

work with farmers and landowners and provide practical, evidence-based help and advice on 

methods of land management that protect water quality. In some cases, they have also provided 

financial incentives to farmers and established collaborative actions with other organisations (e.g. 

Poole Harbour Catchment Initiative).  
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Figure 4.1.: Wessex Water’s region of service. Map abstracted from the publicly available reports of Wessex 
Water Services Limited.  

The latest business plan of WSX highlighted nine major outcomes to be addressed from 2015-

2020 and beyond (Figure 4.2.). In terms of their environmental strategies, the sustainable and 

efficient implementation of the Water Framework Directive (WFD, EC 2000/60) is prioritised. As a 

broad principle, WSX aims to avoid the end-of-pipe solutions as their costs are becoming 

increasingly disproportionate to their benefits for the environment. Instead, the role of catchment 

management is promoted in the business plan, as a means to achieve an innovative, low-carbon 

programme which can tackle the causes of problems rather than just relieving the symptoms. In 

regards to catchment strategies, WSX plans to extend the incentives and adopt integrated 
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solutions that improve the water quality at source, protect water resources and enable 

stakeholders to participate in the implementation process and its beneficiary outcomes. To 

establish these innovative approaches as the norm, a greater level of transparency and partnership 

between the regulators, the regulated industry and other external stakeholders is required 

(Wessex Water Services 2014).  

 

 

Figure 4.2.: Wessex Water aims and specific outcomes for the period 2015-2020 and beyond, as described in 
their current business plan.  
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4.2. Case Study: The Poole Harbour Catchment   

An example catchment has been selected for the needs of the undertaken research based on both 

industrial and academic criteria. The Poole Harbour Catchment is among the first pilot locations 

where the catchment-based approach was trialled. As a result, a plethora of comprehensive 

studies were undertaken creating a considerable amount of secondary data available for further 

use. The results of the studies were summarised in the Nitrogen Reduction Strategy (NRS) report, 

published by Natural England, in collaboration with the Environment Agency and Wessex Water. 

The catchment’s area and setting are introduced in this section, along with an overview of the 

projects and actions undertaken to date by third parties.  

4.2.1. Study Area 

The Poole Harbour Catchment is located in South-West England, in the county of Dorset (Figure 

4.3.). The catchment area is predominantly rural in character. Other than the conurbation of Poole 

and Bournemouth that extends outward from the north of the harbour and across the watershed, 

the only major settlements are Dorchester and Wareham. The total population is about 210,000 

(2011 data).  

Inflowing rivers in the harbour cover a drainage area of about 820 Km2. The substantial part of 

the catchment lies to the west and is drained by the River Frome and the smaller River Piddle. To 

the north and south are the much smaller catchment areas of the Sherford River and Corfe River 

respectively, and also the catchments of several minor streams. 

Poole Harbour occupies a shallow basin at the confluence of several rivers and streams which 

flooded as a result of rising sea level. Poole Harbour has a distinct lagoonal character and is one of 

the largest and shallowest natural harbours in the world; with an area of approximately 38. 

Covering an area of about 3,300 ha, the Poole Harbour accounts for about a quarter of the saline 

lagoon habitat in England and Wales (Langston et al. 2003).  

The area contains many sites of local, regional, national and international importance, with a 

range of habitats supporting a variety of species. Poole Harbour and its surrounding wetlands were 

first designated as a Site of Special Scientific Interest (SSSI) in 1964 and the site has been 

periodically revised, most recently in 1990. The special interest of the harbour itself lies in the 

estuarine habitats and in particular species and assemblages of species these habitats support. In 

1998 the harbour was designated both as a Special Protection Area (SPA- European site) and as a 

Ramsar site (Ramsar Convention 1971). A substantial proportion of the area is within the Dorset 
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Area of Outstanding Natural Beauty (AONB), while a large part of the catchment is also within the 

Wild Purbeck Nature Improvement Area (NIA) (Figure 4.4). 

 

Figure 4.3.: The location of the Poole Harbour Catchment and its major settlements.  

 

Figure 4.4.: Preserved sites within the Poole Harbour Catchment, protected under national or European 
conventions. 

Poole Harbour is also designated as ‘Protected Area’ under the European Water Framework 

Directive (WFD, 2000/60/EC). It is classified as a heavily modified transitional waterbody under the 

WFD (Waterbody ID GB520804415800), because of its modification for coastal protection and 

navigational purposes, which flows in the Dorset-Hampshire coastal waterbody (Figure 4.5.). The 

harbour is highly eutrophic and there is a very clear disturbance from the excess of nutrients in 
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this system. There are requirements under the Directive for the harbour to achieve Good Ecological 

Potential (as a heavily modified waterbody) and to meet the standards and objectives of the 

European Protected Area designations. As the Dorset-Hampshire coastal waterbody is also 

currently failing for nitrogen, it is believed that potential improvements made to upstream 

waterbodies (Poole Harbour) could result in an improvement of the status of this larger coastal 

waterbody.  

 
Figure 4.5.: Poole Harbour Catchment waterbodies according to the Water Framework Directive (2000/60/EC).  

Rivers discharging to the harbour are predominantly groundwater fed and this groundwater 

receives nitrate leached from the catchment land surface. Therefore, the geology has a 

fundamental influence on the hydrology of the catchment and in turn the pathways of nitrogen 

input to Poole Harbour. The majority of the catchment is underlain by chalk up to 300m thick 

(Figure 4.6.), with the top 50-100m being more effective in transmitting water. Outcropping chalk 

in this area forms rolling downland and is highly permeable. In the upper catchment and crossing 

the watershed, the chalk has been eroded, exposing Upper Greensand and Gault Clay. The 

Greensand provides spring flow to the upper Frome, while the clay provides a greater element of 

surface run-off in some headwater tributaries.  

In the lower part of the catchment the chalk becomes confined below low permeability London 

Clay. The London Clay, is, in turn overlain by up to 100m of sands and clays of tertiary origin 

(Barton, Bracklesham and Bagshot Beds). These have a mixed permeability giving a much higher 

degree of surface run-off, but also localised infiltration to shallow aquifers, which discharge to 

small streams and the lower tributaries of the main rivers. The south part of the catchment (Corfe 
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River) is different in character, with the main reaches draining from a limestone plateau (Purbeck 

Beds) and across low permeability Wealden clay before cutting though a high chalk ridge to the 

Tertiary geology. Near Poole Harbour the chalk lies 100-200m below ground level. 

Rainfall over the limestones, Upper Greensand, chalk and gravel geologies is readily able to 

infiltrate into the ground. The water moves slowly though the unsaturated formations until it 

enters the water table and is then transported more rapidly to outflow points, predominantly 

springs and into rivers as baseflow, and to the coast. This transmission process can take tens of 

years from the point of recharge to the outflow points. Nitrogen compounds absorbed by rainfall 

from the atmosphere, and then, in drainage on the land surface and through soils, also take a 

similar time period to be transmitted.  

 
Figure 4.6.: Simplified geological map of the Poole Harbour catchment. Abstracted from the EA (2013).  

Soils in the area are mainly free draining sandy and loamy soils which support a wide range of 

cropping and land use, including arable farms with cereals and dairying, beef and sheep production 

based on permanent and short term grassland and forage maize. Excluding the harbour itself, 80% 

of the catchment is agricultural (47% arable and 34% grassland). The remainder, mostly on the 

Tertiary geology is urban (10%), heath (6%) or woodland and forestry (3%). These free draining 

soils, especially the thinner (sandy) or shallow areas, are very prone to nitrogen (N) leaching which 

occurs when there is an excess of available nitrogen in the soil.  

The main arable crop is wheat (c9000ha), while much smaller areas are used for maize, spring 

barley and oilseed rape (each c1500-2000ha). Dairy farming is a major part of the agricultural 

sector (c12000 head), more so than beef cattle (c4000 head). The catchment is also important for 

sheep rearing (c6000 head) (Defra 2005). 
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4.2.2. Nitrogen Pollution in the catchment- Site setting 

Since 2012, Wessex Water has committed to the Poole Harbour Catchment Initiative (PHCI) - 

formerly known as Frome & Piddle Catchment Initiative- which involved the development of a 

stakeholder engagement process to identify key issues and solutions in the area.  

The pilot engagement process of WSX involved investigation of the current environmental status 

of the watershed and identification of five key issues and pressures within its boundaries (Table 

4.1.), with special focus on those involving non-compliance with statutory standards. According to 

the findings, nitrogen pollution remains the critical challenge for the Poole Harbour Catchment; 

thus, tackling nitrogen pollution has been identified as a priority.  

Table 4.1.: Agreed key issues in the Poole Harbour Catchment (adapted from the PHCI Catchment Plan report, 
2014). 

Agreed key 
issues 

Reported cause 
Type 

1 Nitrogen 
Sewage (treatment works, CSOs, septic 

tanks) 

Current 

Agriculture (Land use management) 

2. Phosphorus 
Sewage (treatment works, CSOs, septic 

tanks) 

Agriculture (Land use management) 

3. Sediment 
Agriculture (Land use management) 

Highways (also acting as ‘pathway’) 

4. Water 
quantity 

High/Low Flow 

Abstraction (water companies and 
agriculture) 

Agriculture (Land use management) 

5. Channel & 
Habitat 

alterations 

Flood defence 

Historical Water level management 

Land drainage 

The Nitrogen Reduction Strategy (NRS) report for the Poole Harbour Catchment was published 

(in 2012 and 2013) by the Environment Agency and Natural England, who agreed to work jointly 

to achieve statutory and environmental objectives. NRS report provided an overview of the 

nitrogen sources in the catchment and the causes of failure to achieve a favourable status to date, 

along with a range of options for addressing the problem and an appraisal of the cost of delivering 

the suggested measures. Its overall aim is to ensure that discharges from future planned 

development within the consented levels will not have a likely significant effect on Poole Harbour.  

The impact of nitrogen to the Poole Harbour is a long standing issue. A primary symptom is the 

growth of green seaweeds forming macroalgal mats on mudflats and among saltmarsh in intertidal 

areas. The extent of macroalgal mats in Poole Harbour has increased since 1980s, from a minimum 

of nearly 100ha to around 400ha in recent years. Mats covering over 75% of the substrate have 
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increased from 41ha to over 200ha, a change from about 3% to around 15% of the intertidal 

mudflat area. The mudflat area was recorded to support macroalgal mats, with a biomass of 22 

Kg/m2 or more (EA, 2013). The macroalgal mats and their supporting element of dissolved 

inorganic nitrogen have resulted in the Harbour failing to meet Good Ecological Potential (WFD 

requirement). 

The availability of plant nutrients, especially dissolved available inorganic nitrogen (DAIN), is 

thought to be the primary cause driving excess growth of macroalgae in estuarine environments. 

In Poole Harbour inorganic nitrogen shows a gradient decline from the outflow of the two main 

rivers of the catchment (Frome and Piddle) to the harbour entrance. Near the outflows of the rivers 

nitrogen levels are many times higher than the background levels in the English Channel and at the 

entrance of the harbour are about 5 times higher.  

Inorganic nitrogen comes from many sources, conveyed to the harbour by groundwater, rivers 

and deposition from the air or discharges direct into the harbour. According to NRS report and 

information provided by WSX catchment experts during the doctoral project, in the delineated 

area of the Poole Harbour catchment, there are 800 farm holdings, several fish farms, 21 sewage 

treatment works serving a population of about 200,000, over 3500 unsewered addresses and 

innumerable combustion sources.  

The strong rural character of the Poole Harbour Catchment is reflected in the calculated input 

of inorganic nitrogen, 90% of which is coming from agricultural sources and 10% from development 

and transport sources. A delay of 30-35 years on average between nitrate leaving the soil zone and 

entering the harbour is observed. This is a result of the slow travel time through the chalk aquifer. 

As a rule of thumb, nitrate will move 1m/yr downwards through the unsaturated zone in the Poole 

Harbour catchment. Nitrate will then move more rapidly (months) once it reaches the water table 

before entering the harbour. The mean annual input of the inorganic nitrogen to the harbour from 

the constituent parts of its catchment in the period 2006-2010 was estimated around 2600 tonnes 

per annum.  

Nevertheless, a large part of this nitrogen does not reach the Poole Harbour. It is removed by 

biological uptake, denitrification processes in the environment and wastewater treatment. Source 

apportionment based on export coefficients indicates that agriculture amounts to about 84% of 

the nitrogen load received by the harbour (excluding the sea input). Figure 4.5. provides details 

about the estimated percentage contribution of the diverse nitrogen sources to the annual 

inorganic nitrogen load in Poole Harbour. As presented in the pie chart (Figure 4.5.) fertiliser from 
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tillage land was identified as the single largest source at about 51%, followed by manure from 

livestock at about 25%. The load from development sources was 16%, with most of this coming 

from sewage treatment works (STWs, nearly 15%).  

 
Figure 4.7.: Estimated percentage contribution of diverse nitrogen sources to the annual inorganic nitrogen 
load of the Poole Harbour in the period 2006-2010/11 (adapted from the EA 2013).  

The two main river systems of the catchment, Frome and Piddle, are groundwater-fed (85% 

and 89% groundwater fed respectively) and contribute about 73% of the inorganic nitrogen load 

to the harbour (EA, 2013). Long-term monitoring from the Environment Agency (EA, 2013) of the 

water chemistry of the local river systems shows a strongly upward trend in the concentration of 

nitrate during the second half of the 20th century. These historic uptrends in river nitrate 

concentrations have been linked to macro-scale changes in agriculture and land management. As 

noted by the EA (2013), there is currently insufficient understanding of the relationship between 

the observed extent of dense macroalgal mats and data on inorganic nitrogen to confidently 

determine what limits to inorganic nitrogen concentrations in Poole Harbour would be needed to 

reduce algal mats to an acceptable level. Estimates of the nitrogen load entering the Poole Harbour 

reveal the increase in pollution load in the past 50 years. The computations and comparison of 

nitrogen loads in past and current years were used as an alternative and interim approach for 

informing ambition in the delivery of measures to limit the nitrogen load (Nitrogen Reduction 

Strategy (NRS) report, EA 2013).  

The mean annual inorganic nitrogen load received by the Poole Harbour in the 5 year period 

1980-1984 was selected as a basis, which was estimated to have been around 1700 tonnes. This 
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compares with an annual load estimated at no more than about 1000 tonnes prior to 1960s. By 

the period 2006-2010, the mean annual load had risen to about 2300 tonnes, falling back to about 

2100 tonnes with nitrogen reduction at Poole sewage treatment work (STW). Comparing the 

values of 1960s and 2010s, the nitrogen load has almost doubled, while a 30% raise is observed 

since 1980s. Nitrogen loads to the harbour are forecast (EA 2013) to continue to rise over the 15-

20 years, before peaking and stabilising at around 2300 tonnes N/yr. This load reflects current 

input levels and constitutes a net overall forecast increase of around 215 tonnes N/yr from 2006/9.  

Responding to the observed values of nitrogen load several measures have been taken to tackle 

the pollution in the Poole Harbour Catchment under European Directives. To date, pilot initiatives 

have achieved larger declines in the discharge of inorganic nitrogen from development point 

sources, particularly the emission of nitrogen oxides and the discharge of nitrogen from large 

sewerage treatment works (STWs). The largest single reduction in the harbour has come from the 

nitrogen removal at Poole STW, initially reducing the load to about 240 tonnes (a reduction of 

about 10%), while the plant was operating at 7 mg N/l discharge quality. It is estimated that, 

development growth in the catchment will progressively erode part of this reduction. By 2025, 

predicted development is calculated to add 29-41 tonnes of inorganic nitrogen per annum from 

STWs, and by 2035 the additional load rises to 40-71 tonnes (EA 2013).  

Aiming to tackle diffuse nitrogen pollution from agriculture, several actions were initiated from 

diverse actors (government, commercial sectors and environmental agencies). The most successful 

initiative was a catchment management approach undertaken by Wessex Water on farms around 

boreholes for potable water abstraction, which has shown that greater reductions in nitrate 

leaching can be achieved at a field scale (Wessex Water 2014; EA 2013). Despite the actions taken 

to date in the Poole Harbour catchment area, a major decline in the river nitrate concentrations 

has not yet been achieved (Gooday et al. 2015; EA 2013). This is due to the combined influence of 

background factors, such as the long solute travel times through the chalk geology, and of the 

current agricultural practices affecting nitrogen management across the catchment (EA 2013).  

A number of studies (Gooday et al. 2015; Ody and Martineau 2015) were recently undertaken 

for the Poole Harbour Catchment, aiming at shaping mitigation measures to tackle the excess of 

nitrogen in the watercourses, mainly caused by diffuse pollution. In all studies, it is highlighted that 

the travel times of groundwater should be considered in the development of the strategies 

addressing eutrophication in the Poole Harbour.  
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4.2.3. Stakeholder Position- Recommendations for the Diffuse Pollution Control in 

the Poole Harbour Catchment 

The Nitrogen Reduction Strategy (Natural England & Environment Agency 2013) report, sets the 

targets for the reduction of nitrogen levels in order to prevent further deterioration in ecological 

status of the catchment and reduce the expansion of macroalgal growth at an acceptable level. 

Based on the estimates, it is recommended that nitrogen levels across the Poole Harbour 

Catchment should be reduced to the levels observed in 1980s (c1700 tonnes N/yr).  

In order to achieve favourable conservation status under statutory requirements, it is indicated 

that diffuse nitrogen load will need to be reduced by an estimated 550 tonnes N/yr (Natural 

England & Environment Agency 2013). The target loading for the harbour could be achieved by 

land owners ensuring their land use activities do not exceed a maximum farm leaching of 18.3 Kg 

N/ha across all rural land uses. This target leaching standard provides a benchmark which will need 

to be applied across the whole catchment and the actual reduction will depend on current land 

use activities.  

For point sources, an additional reduction of around 21-40 tonnes-N/yr from point sources is 

recommended (EA 2013). The suggestions and estimates are based the residential population 

forecast, in both sewered and unsewered locations of the catchment, of approximately 21,000 

people by 2035 and on the on current permit conditions and sewage treatment works performance 

(discharge quality). The additional reduction of from point sources will be needed to ensure that 

the forecasted population and residential growth do not lead to a further decline in water quality. 

It is also determined that a limit of 10 mg/l total nitrogen (annual average) in the final effluent 

from Poole STW should apply, whilst five other significant STW discharges, (Dorchester, Wareham, 

Lytchett Minster, Blackheath, and Wool STW should be maintained at standstill provision (EA 

2013).  

Based on the recommended options (Gooday et al. 2015; EA 2013), improvement solutions 

regarding the sewage treatment options (point-source pollution) have been defined by Wessex 

Water, whilst land management options (diffuse pollution) were shaped from the Environment 

Agency. A cost-benefit analysis (CBA) was performed for both option categories. For the land 

management solutions, implementation measures were also listed. The costs were separated into 

capital and annual. Data for point source options have been provided by Wessex Water and have 

been converted to present value costs assuming an asset life of 20 years. For the land management 
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measures, cost calculations were based on change in gross margin, as this could be directly linked 

to land areas.  

Benefits from the reduction of nitrogen concentrations from both land management measures 

and sewage treatment works were divided into: (i) benefits for groundwater, rivers, streams and 

springs, (ii) benefits to Poole Harbour and (iii) benefits for ecosystems services. It is suggested (Ody 

and Martineau 2015; EA 2013) that the benefits will be greater for the catchment as a system 

where measures are taken further upstream, since longer lengths of watercourse and a greater 

volume of water will benefit from the reduction in nitrogen levels. The monetisation of the 

aforementioned benefit categories is based mainly on literature, databases and the Willingness-to 

Pay (WTP) approach. However, the benefits for the surface water bodies are not monetised, due 

to uncertainties and risk for double-counting. The low estimate of benefits provided, give an 

indication of which options may be economically worthwhile. The comparison of costs and benefits 

was associated with CO2 reduction, biomass uptake and improvements in the quality of 

groundwater, surface waters and in the harbour.  

A short list of the favourable solutions concludes the report (Table 4.2.). For point-source 

pollution, Wessex Water would invest in sewage treatment works improvements, aiming at a 

discharge of 7mg/l. In terms of mitigating diffuse nitrogen pollution, a combination of arable and 

livestock measures are required to ensure that the target for diffuse nitrogen reduction is 

achieved. If the costs of measures are divided across all farms, the most cost-effective measures 

would be the establishment of cover crops (winter wheat production) and the implementation of 

site-specific management. Concerns on the affordability of costs for the farmers are drawn. It is 

highlighted that a mechanism needs to be found to reduce the costs for the multiple stakeholders 

and eliminate the risk for future capital solutions.  

More studies and reports followed the recommendations of the NRS report. The Poole Harbour 

Diffuse Pollution Reduction Plan was drafted in 2013 as a joint work prepared by farmers and their 

representatives (Wessex Water, the Environment Agency and Natural England). The plan aimed to 

highlight the actions that the people working and living within the boundaries of the Poole Harbour 

catchment will undertake in order to improve farm nutrient efficiency, reduce diffuse pollution 

and improve the environment. It essentially provides the detail of how the objectives of the NRS 

report (aiming at around 30% reduction of nitrogen losses from agriculture) will be delivered across 

the catchment and identifies how this work will be communicated, prioritised and incentivised.  
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The key measures, as recommended by the Nitrogen Reduction Strategy plan (EA 2013) and 

further analysed by consultancy reports (Gooday et al. 2015; Ody and Martineau 2015) were aimed 

at reducing leaching and improving N efficiency. For achieving these targets, actions that would 

limit the amount of ‘available N’ (nitrate NO3-N and ammonium NH4-N) in the soil were discussed. 

Therefore, farmers were advised to not apply fertilisers when plants are not growing in the autumn 

and winter and supply small amounts of N as crops start to grow in spring and roots are more 

actively taking up nutrients.  

Table 4.2.: Summary of recommended strategies against the projected targets based on the outcomes of the 
Nitrogen Reduction Strategy report, undertaken by the Environment Agency and Natural England (2013). The 
quality of discharge effluent is estimated to be stabilised at 7 mg/l. 

Management 
Strategies 

Benchmark  
(N load, tonnes/year) 

Diffuse Pollution  
(N load, 

tonnes/year) 

Point-source 
Pollution  
(N load, 

tonnes/year) 

Current status 2280 1950 330 

Winter Cover Crops 
& controlled 

discharge effluent 
1730 1400 330 

Site-specific 
Management & 

controlled 
discharge effluent 

1730 1400 330 

For the actions recommended, the best options for mitigation of nitrate loss in the catchment 

were chosen after taking account of estimated costs, practicability and applicability of for farms, 

soil types and crop/livestock production systems representative of the area. The options were 

assessed using the FARMSCOPPER (FARM Scale Optimisation of Pollutant Emission Reductions) 

tool (Gooday et al. 2014; Gooday and Anthony 2010) which adopts the farmers’ viewpoint in the 

estimation of costs. The likely implementation costs or potential savings, and the likely range (%) 

of reduction in nitrate leaching for the best options are outlined below (Table 4.3.).  

A study correlating nitrogen leaching risk with groundwater vulnerability was performed as part 

of the Plan (EA 2013). It was shown that arable and pastoral farming present the highest potential 

risk of nutrient loss due to tillage practices, resulting in mineralisation of nitrogen, and to the 

limited time over which crops are growing and so, taking up nutrients. Arguably however, arable 

farms have the greatest potential for improving nutrient efficiencies. The latest study regarding 

the mitigation of nitrogen pollution in the Poole Harbour Catchment was undertaken in response 

to the WSX commitments under the AMP6 programme (Wessex Water Services 2014). The Scoping 

Study Report for Nitrogen Reduction (Ody and Martineau 2015) was performed by a consultancy 
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firm in 2015 and explored the development of an approach for payment for ecosystem services 

(PES) in the catchment. The overall aim of the strategy is a load reduction of 40 tonnes of nitrogen 

per year.  

The scoping study focussed on the level of engagement with farmers and the land management 

solutions required to achieve the targeted reduction. It also provided recommendations on the 

implementation of two different PES schemes. Approaches on payment on reduction (£/Kg N 

reduced) and payment by measure approach (payment based on the introduction of which of 

which N reduction will result) are explored and compared.  

Table 4.3.: Potential savings and likely range (%) of nitrate leaching reduction for management options, as 
recommended by the Poole Harbour Diffuse Pollution Reduction Plan (2014) and estimated using the 
FARMSCOPPER tool. 

Measure 
% 

reduction 
N leaching 

Cost 
£/ha 

Benefits: £ 
saving or 

other 

Cover crops/under-sowing: established by mid-September 3-20% 
£20 - 
£75 

 fertiliser N 

Use fertiliser recommendation system Up to 5% - £7-12/ha 

Integrate fertiliser and manure nutrient supply 5-10% - £20-85/ha 

Reduced/minimum tillage cultivations Up to 20% - £10-25/ha 

Increased slurry storage capacity to allow timely 
applications 

Up to 10% 
£25 – 
£35 

 fertiliser N 

Avoid poultry manure and slurry application at high risk 
times 

Up to 20% £1 
 fertiliser 

N 

Regarding the land management solutions, several measures were assessed and the option 

appraisal was to define the most cost effective and easy to implement approach to achieve N 

reduction targets. The assessment was based on the following criteria: N reduction (effectiveness), 

cost, co-benefits and risks, potential of farmer uptake and accountability and verifiability of the 

measure.  

After reviewing a long list of mitigation measures for diffuse water pollution as published by 

Defra (2011) and gathering evidence of their local relevance from discussions with WSX and 

external stakeholders, a short list of six mitigation measures were selected for more detailed 

review (Table 4.4.). 

The measures recommended after the assessment was performed include the reduction of 

applied nitrogen by 5% and the adoption of cover crops. The two scenarios were further assessed 

for their effectiveness to address the diffuse pollution in the catchment based on a number of 

assumptions (average farm size equal to 200ha, 25 farms engaged in the programme) while 

secondary data form literature were used.  
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The detailed assessment of the recommended strategies favours the 5% reduction in the 

applied fertiliser, as a means to achieve immediate results within the restricted timeframe and as 

a more transparent regime for the calculations of the N reduction. The optimum scale of 

implementation is the whole catchment, as the larger target area would encourage farmer 

engagement with the scheme. On the downside, the load reduction needs to be accounted on the 

entire catchment and may not be possible to be measures on a tributary (sub-catchment) scale. 

The travel times of the water flows are highlighted as critical for the observation of the outcomes 

of the implemented strategy. 

Table 4.4.: Summary of mitigation measures assessed as part of the Scoping Study Report for Nitrogen 
Reduction against their success criteria.  

Measure 
N 

Reduction 
Cost (£/t 
reduced) 

Verification of 
N reduction 

Uptake 
barriers 

Co-benefits Risks 

Cover crop Moderate Moderate Moderate 
Low-

Moderate 
Decrease in P and 

sediment 

Increased 
pesticide use 

Conflict with 
biodiversity 

targets for over 
wintered stubbles 

Transfer of 
organic 
manure 

Low 
Moderate-

High 
Difficult Moderate 

Increased soil 
microbes, 

structure, and soil 
carbon 

Pollution transfer 

Arable 
reversion 

of 
woodland 

High High Easy High 

Decreased P, 
sediment, GHG 

Increased 
Biodiversity, 

water storage, soil 
carbon 

Long term land 
use change 

5% 
reduction 
of applied 
nitrogen 

Moderate Moderate Moderate 
Low-

Moderate 

Decreased GHG 

Increased soil 
carbon 

Seasonal variation 
or other 

management 
factors could 

cause reduced 
yield 

Arable 
reversion 

to 
grassland 

High High Moderate High 

Increased soil 
carbon, Decreased 
P, sediment, some 

GHG 

Increased FIO, 
BOD, ammonia & 

methane 

Use clover 
in place of 
N fertiliser 

Moderate Low Difficult 
Low-

Moderate 

Decreased GHG 

Increased 
Biodiversity 

Increased release 
of N if grassland 

removed 
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In summary, a number of extended studies were performed since 2012, aiming to develop 

understanding of the catchment system of the Poole Harbour catchment and of the conditions 

under which augmented nitrogen loads enter its watercourses. Recommendations for mitigation 

of nitrogen pollution across the catchment mainly focussed on the reduction of nitrates from 

diffuse sources (agricultural activities). Several assessments were performed and a list of measures 

were assessed for their effectiveness to address the issue. The overall target of 30% reduction of 

total nitrogen load was set based on the analysis of nitrogen loads in past decades. For all studies 

undertaken after 2013, the discharge effluent from the sewerage treatment works located in the 

catchment is assumed at 7 mg/l N. In all studies, the favourable options for the reduction of diffuse 

pollution from agricultural activities were identified as: (1) the implementation of winter cover 

crops and (2) the reduction of the applied nitrogen across the catchment. The latter can be 

achieved through the implementation of precision agriculture, as recommended by the NRS 

report. In all studies, the role of the travel times of water flows is highlighted as critical for the 

observations of the outcomes and success of the implemented strategies.  
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Chapter 5: Holistic Asset Management & the Catchment 

Metabolism modelling schema 

Chapter 5 defines the notion of Holistic Asset Management and demonstrates its relevance to 

Integrated Catchment Management. It then introduces the Catchment Metabolism modelling 

schema, a structured and transdisciplinary approach for modelling catchments as asset systems 

and serving asset management planning purposes.  

The research system boundaries are drawn around the catchment, as defined in physical 

geography terms. The catchment is selected as the most suitable scale to assess water 

sustainability and the interactions among different types of capital. For the research undertaken, 

the catchment is defined as a hybrid, integrated asset system where both natural elements 

(biosphere) and infrastructure (technosphere) are included. Following the principle of integrated 

water resources management and ecosystem services (Cook and Spray 2012), the ecosystem is 

considered as a stakeholder who plays an active role within the boundaries of the catchment. The 

research suggests that Holistic Asset Management (HAM) at a catchment scale is the key for 

effective and sustainable management of water resources. HAM introduces a novel approach to 

asset management in the water sector, which includes the three sustainability pillars (People, 

Planet, Profit) and is presented in a format that is easy to apply and communicate. It enables a 

systemic view on water and asset management strategies and the involvement of multiple 

stakeholders. Thus, HAM enables in practice to tackle of the pre-identified key issues of a 

catchment ‘synergistically’ (Figure 5.1.).  

To translate the Holistic Asset Management rationale into a modelling approach, a number of 

well-established tools and methods from various disciplines are synthesised based on their 

suitability to serve the research goal (section 5.2.). The whole-system approach developed in this 

thesis is based on the principles of Integrated Catchment Management (ICM), Water Accounting 

(WA) and Environmental Multi-Regional Input-Output (E-MRIO) analysis. It builds on a combination 

of concepts and methods that have been reviewed and approved for their ability to address 

sustainability issues (Little et al. 2016; Ma et al. 2015; Paterson et al. 2015; Xu et al. 2015; Rudell 

et al. 2014), and shape optimised planning strategies (Ma et al. 2015; Rudell et al. 2014; Daniels et 

al. 2011) for better resource efficiency. The Catchment Metabolism (CM) schema offers an 

approach where researchers and end users can conceptualise catchment systems and their 

processes, which is essential for integrated water resources management (Macleod et al. 2007). 
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The constructed synergies form the platform for integrating natural capital in the strategic 

planning schemes of the water industry.  

This chapter describes the main outputs of the research undertaken. The CM modelling schema 

responds to the need for evidenced based approaches, which can be used in the practical 

application of sustainability and systems thinking principles in the water industry. It is tailored to 

address current challenges of the water sector and its design enables practitioners to apply 

research advancements. One of the advantages of the schema is that systems-thinking is required, 

hence, collaboration among experts within the water sector occurs. This reflects the 

transdisciplinary nature of the work.  

The chapter is organised as follows: after the introductory note which explains the rationale of 

the research and re-affirms its system boundaries, the creative process and rationale for 

identifying the appropriate techniques used to formulate the underpinning methodology are 

described. The synthesised approach is then presented and the CM modelling schema is illustrated 

through its application to the selected example catchment, as described in Chapter 4. The chapter 

concludes by discussing the steps for the practical adoption of the schema in the UK water industry.  

5.1. The underpinning rationale of the Catchment Metabolism 

modelling schema  

The section gives an overview of the rationale of the creation of the modelling schema and its 

underpinning concepts and tools. The explanatory brainstorming diagram outlines the synthesis of 

the transdisciplinary methodology (Figure 5.2). The divergence of the work and the lack of previous 

relevant approaches in the field of asset management required a comprehensive literature review 

to be performed. This mainly focussed on identifying and analysing the tools for integrated 

environmental-economic accounting widely used in other fields and been applied in different 

scales (e.g. infrastructure asset systems, community, city).
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Figure 5.1.: The rationale of the research: holistic asset management through integrated catchment management.  
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Figure 5.2.: The formulation of the Catchment Metabolism modelling schema based on a robust synthesis of methods available from systems engineering and 
environmental-economic accounting.  

 



 71 

For the formulation of the CM, it was hypothesised that the currently analysed tools could be 

applied for the creation of catchment-based approaches for asset management purposes. For the 

hypothesis to be held true the tools need to account for both the natural and the built capital on 

a catchment basis.  

The original intention was to create an approach using life cycle management and Life Cycle 

Assessment at a catchment scale to achieve the research goal, i.e. the creation of a catchment-

based modelling schema for the realisation of holistic asset management from the water industry. 

To overcome the limitations of LCA in terms of its spatial reference and applicability at delineated 

geographical areas (Baumann and Tillman 2004), a number of other tools were explored. Industrial 

Ecology (IE) -which is the research field underpinning LCA- was examined to determine how it could 

be used for the creation of the CM schema. In order to do this, the development of the field of IE 

into other widely used concepts was explored using a detailed literature search. Four main 

techniques were identified: Water Accounting, Input-Output Analysis (IOA), Material Flows 

Analysis (MFA) and IDEF0. The structures and main knowledge blocks of a number of concepts and 

tools were analysed and then synthesised based on their strengths and contributions to specific 

objectives of the modelling schema. The overview of the concepts and techniques is presented in 

the following section (section 5.2.), along with the linkages among them.  

The concept of metabolism derives from the field of Industrial Ecology and has been used as 

the conceptual basis of the modelling schema. Material Flow Analysis (MFA) and its Physical Input-

Output Tables (PIOTs) formulate the reasoning for flow accounting within the catchment systems 

and construct the format of the Catchment PIOT. Input-Output Analysis (IOA) and its 

environmental extensions are used as tools to account for the multiple flows of the complex 

catchment system in a constructed approach. Water Accounting methods provide the metrics for 

water flow accounting in multiple systems. The IDEF0 model has been selected to serve as a 

method to collect and depict information for the subsystems of the catchment and to bridge 

communication gaps among the experts involved in the process of integrated catchment 

management. 

5.2. Overview of the techniques formulating the Catchment Metabolism 

modelling schema 

Life Cycle Thinking and its methods initiated the underpinning methodology. Despite their 

conceptual strengths, their application at a catchment scale is rather challenging. Therefore, a 

‘retrospective’ approach was adopted. This included the identification of the origins of the 

methods widely used in Life Cycle Management, along with the thorough study and analysis of 
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their principles, building blocks and commons applications. Building a new modelling schema on 

the same principles underpinning LCA or LCC would provide a robust basis that would enable the 

application of Life Cycle Thinking at a catchment scale. It would also shed light on the 

improvements necessary to apply well-known tools at new research fields, such as Integrated 

Catchment Management. The origins of the Life Cycle Management tools were identified in the 

field of Industrial Ecology (Ehrenfeld 2004; Korhonen 2004; den Hond 2000.)  

5.2.1. Industrial Ecology & Metabolism  

The field of Industrial Ecology (IE) states the analogy between the industrial system 

(anthroposphere or technosphere) and the natural environment (biosphere) and consists a 

framework towards practical sustainability. It has been applied for the optimisation of material 

cycles within the industrial systems as it serves for the development of symbiotic relationships 

among industries. IE offers a comprehensive, integrated view of the components of the industrial 

economy and their relationship with the biosphere. IE emphasises on the biophysical basis of the 

human activities; thus, on the complex patterns of material flows within and outside the industrial 

system (Ehrenfeld 2004; Korhonen 2004; Brattebø 2003; Erkman 2003; den Hond 2000). IE treats 

the industrial system as a complex organism with unique metabolic rules (Suh and Kagawa 2005).  

The basic methodologic concept of IE is that of ‘industrial metabolism’, which is a descriptive 

and analytical concept based on the principle of the conservation of mass applied for the 

understanding of the complex patterns and dynamics of flow and stocks of material and energy 

within the industrial system. Industrial Metabolism has been widely applied in the urban context, 

as summarised by Clift et al. (2015) and involves a range of methods (e.g. Life Cycle Assessment, 

Material Flow Analysis) which have served planning and development purposes especially in the 

form of regional flow analysis (Brattebø 2003; Erkman 2003; den Hond 2000). The concept of 

‘metabolism’ implies the need for a systemic perspective: it brings in the totality of a techno-

economic social system within a natural environment (Fischer-Kowalski 2003) 

The term ‘metabolism’ is, by nature, an interdisciplinary enterprise (Fischer-Kowalski 2003). It 

appeared in 1860s, both as applied to organisms and to human social systems. The modern 

biochemical notion refers more to the transformative processes of cells, organs and organisms 

(Oxford Dictionary of Biochemistry and Molecular Biology) and does not focus on the environment-

organism interface. In ecology, the term ‘metabolism’ is used to refer the energy conversion and 

nutrient cycling in ecosystems (e.g. Humphries and McCann 2013; Brown et al. 2004). What is 

common to the biochemical and the ecological approach is the idea of metabolism being a complex 
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self-organising process of autopoietic (i.e. capable of reproducing and maintaining itself) systems, 

dependent on the characteristics of the system (Figure 5.3.). 

The value of Industrial Ecology and Metabolism for the management of aquatic systems and 

strategic sustainable development has long been recognised (Korhonen 2004; Billen 2003). 

Nevertheless, its applications in water-related studies is rather limited (Núñez et al. 2010). Recent 

water-related IE applications focus on the development of indicators for effective water 

management (Ziolkowska and Ziolkowski 2016; Farreny et al. 2013), the formulation of models for 

water demand and pricing (Dharmaratna and Harris 2012; Morales-Pinzón et al. 2012) or the 

environmental assessment of municipal and urban systems (Lemos et al. 2013; Oliver-Solà et al. 

2013) and cultural services (Farreny et al. 2012).  

 

Figure 5.3.: The milestones of ‘metabolism’ in biology and ecology. Adapted from M. Fischer-Kowalski, 2003.  

The research field of industrial ecology comprises of several methods that have been developed 

to analyse parts of the technosphere (van der Voet 2011). The growing sophistication of the IE 

research urges for more systemic empirical work which would move theory and methodology 

forward (Lifset 2013). Billen (2003) advocates that if the approach of industrial ecology was 

integrated into the scope of scientific ecology, a major step would be taken towards achieving a 

general science of the functioning of human-affected environmental systems. He stresses the need 

of knowledge synthesis and integration for the scope of regional studies, partially for those 

intended as a basis for the management of water systems (e.g. rivers, estuaries, coastal zones) 

where the effect of non-point pollution sources urges for integrated management solutions.  
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5.2.2. Water Accounting & Industrial Ecology  

The field of Water Accounting (WA), as introduced earlier (Chapter 2), is only loosely related to the 

field of Industrial Ecology. The connections lie in the recent methodological advancements of LCA, 

which enables the development of detailed water accounts and the performance of water-specific 

environmental assessments (e.g. Kounina et al. 2013). These developments have emerged in the 

academic literature in the form of Water Inventories, which employ computational frameworks 

and indicators. The indicators largely relate to the concept of ‘Water Footprint’, as introduced by 

Hoekstra (2003) and as defined in the ISO standard 14046:2014. Further details on Water 

Inventories to follow at a later stage (Chapter 6).  

The parallel development of the two methodologies in the field of Water Inventories, namely 

LCAwater and Water Footprint Assessment (WFA) has mobilised a vast amount of literature, with 

a number of review (Kounina et al. 2013; Berger et al. 2010) and critique (Wichelns 2015; 

Chenoweth et al. 2014; Tillotson et al. 2014; Yang et al. 2013) papers being published over the last 

few years. Attempts to pursue methodological harmonisation between LCA and footprint research 

are strongly encouraged in the literature.  

Recent case studies (e.g. Zhi et al. 2014; Feng et al. 2011; Yang et al. 2010, Yu et al. 2010) have 

focussed on the combined use of water footprint with Input-Output Analysis (IOA) as a means to 

inform regional or national decision-making. IOA also underpins the Water Accounting 

international frameworks (Pedro-Monzonís et al. 2016a).  

5.2.3. Input-Output Analysis 

Wassily W. Leontief (Nobel Prize winner in economic sciences, 1973) developed the method so 

called Input-Output Analysis (IOA) when he searched for analytic tools to investigate the economic 

transactions between the various sectors of an economy. It is a method for systemically 

quantifying the mutual interrelationships among the various sectors of a complex economic 

system. It connects goods, production processes, deliveries, and demand in a stationary as well as 

dynamic way. The production system is described as a system of flows of goods (provisions) 

between the various production sectors. Since its development in 1930s, IOA has been further 

developed and applied to a large number of studies and fields (Feng et al. 2011) and has proven a 

useful tool used for planning in market and centrally planned economies. Input-output analysis is 

a mature scientific field, which has had the ambition to facilitate interdisciplinary research, by 

connecting different disciplines. From a practical perspective, input-output tables provide a 

valuable compilation of statistical data at a national or sectorial level which could be used in 

industrial ecology studies (Suh and Kagawa 2005).  



 75 

The basic input-output model is explained below. The mathematical structure of an input-

output system consisting of n linear equations is shown as in Equation (5.1). The equation depicts 

how the production of an economy depends on inter-sectoral relations and final demand.  

𝑋1   = 𝑧11  +  𝑧12  + ⋯ +  𝑧1𝑛  + 𝑌1 

𝑋2   = 𝑧21  +  𝑧22  + ⋯ +  𝑧2𝑛  + 𝑌2 

    … … … … …   (5.1) 

𝑋𝑛   = 𝑧𝑛1  + 𝑧𝑛2  + ⋯ +  𝑧𝑛𝑛  + 𝑌𝑛 

where n is the number of economic sectors of an economy; x represents the total economic 

output of the ith sector; Y represents the total final demand for the product of the ith sector and z 

represents the interindustry sales of the ith sector.  

Suh and Kagawa (2005) acknowledge the communalities of intellectual grounds shared between 

Input-Output Analysis and Industrial Ecology. Both approaches endorse a system’s view and place 

strong emphasis on developing sounds empirical knowledge based on real-world data. By adopting 

a broad perspective, they intend to tackle the limitations related to partial analyses and provide 

‘alternative’ approaches for managerial and policy decision-making.  

Economic input-output modelling has also been used for environmental systems analysis. 

Environmental input-output analysis (E-IO) and its multi-regional extensions (Environmental Multi-

Regional Input-Output E-MRIO) have emerged as popular and promising frameworks for 

sustainability analysis (Wiedmann et al. 2011; Hendrickson et al. 2007). E-IO enables assessment 

of natural resources and pollutants embodied into goods and services and in their supply chains 

along the economy. The significant differences between localised environmental issues associated 

with water use and trans-boundary issues calls for special attention to how E-MRIO can help 

understand and best manage freshwater resources (Wiedmann et al. 2011). Multi-regional input-

output (MRIO) analysis enhances this capability by mapping the geography of the resource use, 

emissions and other environmental effects and provides a spatially-explicit framework than can 

assist in assessing environmental impacts. This ability of ‘geo-position’ is vital for assessing 

sustainable scale and impacts for many environmental resources, especially for water, since its 

sustainability and management is considered at a local level (Daniels et al. 2011). Recent research 

(Rudell et al. 2014; Zhi et al. 2014; Feng et al. 2011; Yang et al. 2010, Yu et al. 2010) shows progress 

in the integration of geographical information and process-based water footprints (WFs) in input-

output models and accounting tables. The joint use of E-MRIO complements water stress indices 
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(WSI) by providing detailed mapping of the consumption to production and trade-off flow 

pathways, as it utilises and links economic and environmental data from across several regions. 

Daniels et al (2011) suggest that further research is necessary in order to align the functional 

features of E-MRIO upon the spatial, catchment focus of WSIs and take advantage of their 

combined use.  

5.2.4. Physical Input-Output Tables & Material Flow Analysis 

Physical Input-Output Tables (PIOTs) are accounting tools which provide a comprehensive 

description of anthropogenic material flows (e.g. material and energy flows) passing through the 

economy of a country. For their construction, the mass balance principle is utilised and the 

economic system is depicted as being embedded in the larger natural system. A Material Flow 

Analysis (MFA) study can form the basis for the quantitative information necessary to construct a 

PIOT (De Marco et al. 2009). MFA has been widely applied for assessing the material base and 

resource throughput the national economies (Giljum and Hubacek 2009; Brunner and Rechburger 

2003) and its applications mainly include the quantification of aggregated resource inputs and 

outputs of economic systems and are performed according to its methodological guidebook 

(EUROSTAT 2001). Physical Input-Output Tables are constructed based on the principles of the 

Monetary Input-Output Tables (MIOT), which assume a closed economic system, at a national 

scale. Thus, the flows traditionally depicted in a PIOT concern only the flows inside the national 

territory.  

The result of the transferral of MFA data to the PIOT is that the output produced by each 

production chain is split among various columns, where each column refers to a specific economic 

sector. A full PIOT can show the material flows between sectors (industry by industry) or the 

materials required to transform other materials in the production process (materials by materials 

or commodity by commodity). In general, a PIOT is a tabular scheme in which a certain number of 

economic activities or sectors are represented by their material input and output. Nebbia (2000; 

1975) outlines a type of PIOT aiming to capture the circularity of industrial metabolism in terms of 

a “natural history of commodities” – from the environment, and back to the environment. At the 

heart of Nebbia’s PIOT is an economic-ecologic accounting carried out by the principles of 

commodity science to determine the intersectoral flows between and within the biosphere and 

the technosphere. The distinguishing feature of this approach is that also the biosphere, not just 

an economic system is divided in sectors, between which intersectoral flows may occur. As 

analysed in De Marco et al. (2009), the general formation for the construction of a Nebbia’s PIOT 

can be synthesised in a table which is initially split in four different quadrants:  



 77 

 

 Nature (i) Technosphere (j) 

Nature (i) Aii aij 
Technosphere (j) Aji ajj 

where aii represents flows within the biosphere, aji resources ‘sold’ from the biosphere to the 

technosphere (e.g. water used in production processes), aji material flows from the technosphere 

to the biosphere (e.g. waste disposed or emissions) and ajj commodities exchanged between 

different technosphere sectors (e.g. electricity ‘sold’ to production processes).  

From this PIOT one can compute the ‘physical’ mass of materials absorbed by final consumption, 

including exports and stocks, minus the imports. However, its application to date excludes the 

mass of water which circulates through the natural and economic systems (e.g. embedded water 

in products). The major shortcoming of PIOTs is that all flows are accounted in one single unit; 

thus, the consideration of the qualitative differences of materials flows in terms of different 

environmental impacts is very limited (Giljum and Hubacek 2009) and more research needs to be 

undertaken to overcome this issue.  

5.1.5. The IDEF0 model 

Undertaking the steps to construct a PIOT that would represent outputs of the sectors within the 

complex catchment system, a tremendous amount of data is required, along with the contribution 

of multiple experts. To overcome this challenge, a functional modelling language- IDEF0- is 

introduced in the schema. IDEF0 (a compound acronym deriving from Icam DEFinition for Function 

Modelling, National Institute for Standards and Technology, 21 December 1993) is a method 

initially designed to model manufacturing processes. Nevertheless, its theoretical basis allows its 

use for modelling the decisions, actions, and activities of an organisation or a system. It has been 

applied, but is not limited, to topics such as strategic planning, hybrid systems design and business 

process reengineering (Feldmann 1998) and has proven useful for handling complexity and 

bridging communications gaps between various actors involved in a system. Recent research 

(Settanni et al. 2015, 2014; Šerifi et al. 2009) highlights the applicability of the method across 

disciplines and sectors, for the development of modelling approaches for product service systems 

(PSS), for measuring performance and outcomes of asset systems and for designing software 

packages. 

An IDEF0 model (made of several IDEF0 diagrams) depicts constraint, not flow. The graphical 

elements of IDEF0 are very simple (Figure 5.3.); just boxes and arrows. The syntax and semantics 

for both IDEF0 diagrams and models are precisely defined in the Federal Information Process 
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Standards for IDEF0 (FIPS PUB 1983). Each activity box on an IDEF0 diagram depicts the function 

described by the verb phrase written in the box. The boxes represent actions, whereas the arrows 

shown entering and leaving the boxes represent interfaces and depict things that are needed or 

produced by the function. Unlike data flow diagrams, IDEF0 model shows what controls each 

activity and who performs it, as well as the resources needed by each activity. Developing an IDEF0 

model is a step-by-step procedure which begins at the point which the author determines the basic 

model parameters: the purpose and the viewpoint. For the same system, different IDEF0 models 

can be created, based on the selected viewpoint. As such, multiple IDEF0 models can be 

constructed for a catchment system, with the input from both an asset and a catchment manager. 

For each of the cases, the perspective adopted would impact on the information included in the 

model. The expertise and area of interest would emphasise on some aspects of the catchment 

system (e.g. built assets or ecosystem for the asset and catchment managers respectively). Only 

the synthesis of such IDEF0 models would enable the creation of whole-systems’ IDEF0 model, 

which would be inclusive of the information or details of all the sub-systems of a catchment.  

 

Figure 5.4.:  IDEF0 Activity Box and basic syntax.  

5.3. The Catchment Metabolism in practice  

The Catchment Metabolism modelling schema is created using a transdisciplinary approach which 

synthesises a number of techniques. The schema is a structured modelling approach represents 

the catchment as an asset system. The process of its application is illustrated in this section, using 

the Poole Harbour Catchment as an example.  
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5.3.1. Constructing the Catchment Physical Input-Output Table: a step-by-step 

process 

The creation of the Catchment Metabolism (CM) schema is based on the combined use of the 

concepts and tools as analysed in the precious section. For the needs of the research, the notion 

of ‘metabolism’ refers “inter-industrial” relationships taking place within the system’s boundaries; 

thus, to the activities and inter-relations of the water-actors of the catchment, which affect the 

water cycles taking place within those spatial boundaries.  

A number of steps are undertaken in order to depict and map the metabolism of the selected 

system. The Catchment Physical Input Output Table (C-PIOT) is constructed through a sequel of 

interlinked stages which add value to the modelling schema. The C-PIOT is developed as a 

structured way to map the metabolism a catchment. The metabolic relationships of the catchment 

compartments are mapped over a period of a year. This time scale has been chosen in order to 

serve practical and scientific purposes and also comply with the rules of the original PIOTs. The 

Catchment PIOTs can also be constructed for the wet and dry periods of each year, so that 

variations of the flows circulated in the system are depicted.  

In order to gain insight in the natural processes occurring within the selected scale, the 

breakdown of the biosphere in its metabolic compartments is introduced in the C-PIOT, following 

the terminology of MFA. Therefore, the quadrant aii – which represents the flows within nature – 

is split into: Atmosphere (Air), Hydrosphere (Water), Pedosphere (Soil) and Lithosphere (Geology). 

This alteration provides a better understanding of the natural occurring processes of the 

ecosystem of a catchment which affect its economic activities, e.g. agriculture. As a result, one can 

fit in the PIOT the water volumes circulated within the catchment system; the water flows 

circulating in both biosphere and technosphere. 

Following the example of the original PIOT, the first step to the construction of the Catchment 

PIOT is the performance of a Material Flow Analysis (MFA) of the catchment. A modified flow chart 

(Figure 5.14.) describes the catchment as an integrated system, based on the consequential 

relationships among its elements. Its focus is the water circulation within the system boundaries 

which assists in explaining the relations and interdependencies among its subsystems, both natural 

and artificial, serving mainly information display and communication purposes. Studying the water 

circulation allows for the identification of the main water-related activities which take place within 

the catchment’s boundaries and their actors.  
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For the selected case study (Poole Harbour Catchment, Chapter 4), we observe the presence of 

three main water-related ‘industries’: Ecosystem, Water Company, Agriculture. In this catchment, 

the origin of water available for use in the technosphere (urban water cycle, agriculture) is mainly 

groundwater; surface water flows are also accounted because of the import of water trade 

volumes from adjacent catchments. These two activity categories produce different wastewater, 

in terms of its quality and quantity, as well as character, referring to point and diffuse pollution 

respectively. The quality of the return flows to the aquifers strongly depends on the intensity of 

agricultural activities. The infiltrated water is then abstracted to re-participate in the water cycle 

and its quality, mainly in terms on nutrient load influences the intensity of the water treatment 

process, especially in relation to the energy consumed.  

After the identification of the key water actors and the role of their activities within the 

catchment boundaries, the metabolism of the most critical subsystems needs to be studied. The 

criticality of the subsystems selected reflect both the scope of the work and the key-issues in the 

designated catchment.  

IDEF0 diagrams are produced for each the identified “industries” or actors, analysing the inputs, 

outputs, controls and mechanisms of their subsystems. The IDEF0 diagrams for all the actors of the 

catchment are produced as part of the analysis. The IDEF0 model analyses the subsystems of the 

catchment system and gives an overview of their main attributes: inputs, outputs, mechanisms 

and controls.  

In the first top-level diagram (A-0) the purpose and the viewpoint of the model are stated 

(Figure 5.5.). For the research undertaken, the scope of the IDEF0 model is to describe the 

attributes and anatomy of a sustainable catchment system. The viewpoint adopted is that of an 

asset or catchment manager/expert of a water company.  
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Figure 5.5.:  The top-level IDEF0 diagram (A-0). Describes the overall aim of the IDEF0 model and the 
perspective adopted for its creation.  

Figure 5.6.: In the A0 IDEF0 diagram the main water actors of the example catchment are depicted: the 
ecosystem, the water company and the agricultural sector. Each of the three constitute the core of their 
own subsystems, although interlinkages exist.  
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Then, the main actors and their contributions towards achieving the scope of the model are 

presented (ΑΟ) (Figure 5.6.). For the actor ‘Ecosystem’, maintaining the ecosystem will ensure the 

provision of the ecosystem services. For the actors ‘Water Company’ and ‘Agriculture’ the 

provision of water services and the creation of a sustainable agricultural subsystem are their 

contributions respectively.  

In the next part of the model (A1), the focus shifts to the internal anatomy of the actors 

involved. For the actor ‘Ecosystem’ the three natural cycles (water, carbon, nitrogen) are depicted. 

The diagram does not show the complex interlinkages among the three cycles, as it is considered 

out of the scope of the research undertaken. Each of the cycles represent a subsystem of the actor 

‘Ecosystem’, which produces environmental outputs and ecosystem services for the benefit of the 

biosphere and the technosphere respectively.  

Figure 5.7.: The A1 IDEF0 diagram, depicting the analysis of the actor ‘ecosystem’ in the three natural cycles: 
water, carbon, nitrogen. 

In the latter part of the IDEF0 for the actor “Ecosystem”, the further analysis focusses on the 

investigation of the water cycle as the main ecosystem function (A11). Same principles and 

representations would apply to the other natural cycles occurring in the catchment boundaries. 

The life cycles or their stages are broken down into the involved sectors, resulting in a pictorial 

factor analysis. For instance, for the natural water cycle as the focal point, the processes 
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(evapotranspiration, percolation, infiltration, run-off) occurring within the subsets of the natural 

environment (atmosphere, pedosphere, lithosphere, hydrosphere respectively) are demonstrated 

followed by the factors that control the natural process (e.g. the porosity of the lithological 

formation controls the volume of the water infiltrated) and the mechanisms that result in the 

natural output (e.g. the capillary mechanism drives percolation). This latter part of the IDEF0 model 

(Α11) shapes the Catchment PIOT, as the sectors and their processes formulate the columns of the 

produced table. Also, the information/data from the IDEF0 model are transferred in the tabular 

format to build a sector by sector (sector x sector) PIOT (Table 5.1.).  

Figure 5.8.: The A11 IDEF0 diagram, analysing the natural water cycle as occurring at a catchment scale. The 
anatomy of the ecosystem involves its main sectors: atmosphere, pedosphere, lithosphere and hydrosphere. 
The outputs of this diagram form the ground of the Catchment PIOT for the actor ‘ecosystem’.  

The IDEF0 model continues with the analysis of the actor ‘Water Company’ (A2). The main 

activity (Water Services) is assumed to be identical with the Urban Water Cycle. As such, the 

sectors identified for this actor are the stages of the urban water cycle (abstraction, water 

treatment, distribution, wastewater treatment). The environmental and economic inputs for these 

sectors are normally externalities to the catchment system; for example, the chemical used for the 

treatment processes are produced elsewhere and then imported in the catchment. The main 

mechanisms identified in this subsystem are the physical assets; thus, the infrastructure owned 

and operated by the water company to deliver its services. The water demand and the multiple 
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health and environmental regulations control the environmental and economic outputs of the 

stages of the urban water cycle. For this actor, no further analysis needs to be performed. The A2 

diagram forms the basis for the Catchment PIOT water services’ section.  

Figure 5.9.: The A2 IDEF0 diagram analysing the anatomy of the actor ‘water company’. The sectors of this 
actor are identical with the stages of the urban water cycle. This diagram formulates the ground for the 
Catchment PIOT of the actor ‘Water Company’.  

The actor ‘Agriculture’ is then analysed (A3). Two main activities are identified for the selected 

catchment: annual cropping and farming (referring to livestock). The hybrid anatomy of the 

agricultural sector – in terms of the contribution of both biosphere and technosphere elements in 

the delivery of services- results in the increased complexity of the diagrammatic representation. 

The activities appear interlinked. The interconnections are dependent on individual practices or 

implemented policies. For both activities, the environmental and economic inputs can be 

considered as externalities to the catchment system. The same applies to the outputs, as they are 

traded to other regions. The hybrid anatomy of the actor ‘Agriculture’ is also evident in the 

combined influence of natural mechanisms and physical assets in the delivery of the services. The 

regional natural conditions, policy requirements and incentives and the market opportunities are 

identified as the main control factors of the outputs of this subsystem.  
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Figure 5.10.: The A3 IDEF0 diagram depicting the two main activities of the actor ‘Agriculture’. Each of the 
activities create a separate subsystem; interconnections depend on individual practices or implemented 
policies.  

The further analysis of the analysis of the actor ‘Agriculture’ involves the investigation of the 

anatomy of its main activities (A31, A32). For the activity of ‘Annual Cropping’ (A31) the sectors of 

Irrigation, Harvesting and Fertilising are identified. Seasonality, crop rotation and adopted 

strategies control the environmental and economic outputs of each of the sectors. The notion of 

‘virtual water’ is introduced in this diagram to depict the water flow embedded in the agricultural 

products. As discussed earlier, several of the environmental and economic inputs and outputs of 

the sectors are considered externalities to the catchment system. A combination of physical and 

natural mechanisms with the involvement of the human capital result in the delivery of the 

products and services. Similarly, for the activity of ‘Farming’ or ‘Livestock’ (A32) the sectors of 

watering and feeding the herd are identified. The same principles and assumptions regarding the 

externalities, the controls and the mechanisms apply for this activity of the actor ‘Agriculture’. The 

diagrams A31 (Figure 5.11.) and A32 (Figure 5.12.) constitute the ground for the creation of the 

Catchment PIOT Agriculture section.  
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Figure 5.11.: The analysis of the agricultural subsystem ‘Annual Cropping’ (A31 IDEF0 diagram). The level of 
complexity in the diagrams increases as a number of water flows are embedded in economic inputs and 
outputs.  

The scope and level of analysis of each of the subsystems of a catchment system will lead to 

the further development of the IDEF0 model and the construction of more IDEF0 diagrams. The 

granularity of the model is very much dependent on the scope of the analysis, and on data 

availability. The IDEF0 model created for the selected catchment system leads to the creation of 

the Catchment PIOT. In its final format, the Catchment PIOT is a matrix of flows, both physical and 

economic, circulating within the catchment boundaries. To achieve this format, the cells of the 

Catchment PIOT are filled in using indexes from Water Accounting techniques, where the output 

of each of the sectors (row) to the other sectors (column) are depicted. As a result, each column 

represents the figures related to the inputs received by a single metabolic compartment of the 

system. Similarly, to the original PIOT, this procedure assists to the visualisation of the quantitative 

information relating to each component (‘sector’) of the catchment in the form of inter-

component exchanges. The indexes for flow accounting and estimation of environmental outputs 

generate the ‘Appendix’ of the Catchment PIOT and the computations performed as part of it feed 

into the Catchment PIOT cells. They will be extensively discussed in the following chapter (Chapter 

6).  
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Figure 5.12.: The analysis of the agricultural subsystem ‘Livestock’ (A32 IDEF0 diagram). Embedded water 
flows (virtual water) increase the complexity of the diagram. The linkages with the subsystem ‘Annual 
Cropping’ are not depicted; but can be added as dictated from the research needs or allows by the level of 
available data.  

After describing the rules and principles underpinning the creation of the Catchment 

Metabolism modelling schema, the chapter continues by presenting its construction. Its building 

blocks are concrete steps (Figure 5.13.) that synthesise a new approach to asset management and 

to the representation of catchment systems. The first steps include the definition of the scope of 

the catchment analysis and the identification of the water actors/industries of the systems, whose 

activities are relevant to the scope. Then the industries are broken down into the sectors they 

consist of and an initial sector by sector matrix can be formulated in order to facilitate the next 

steps. The IDEF0 diagrams and model are constructed in the following phase, with the expert input 

of several specialists. The Catchment Physical Input Output Table can then be created, based on 

the outcomes of the IDEF0 catchment model. The design of the catchment system dynamics 

follows, where the interlinkages among actors are depicted. In parallel, the accounting appendices 

are formulated which show the indexes and algebraic equations used for the computations of the 

final outputs for the Catchment PIOT. Despite the pre-defined steps and phases, the application of 

the Catchment Metabolism modelling schema is a rather iterative process. The actions undertaken 

need to map the original scope, while the outcomes of each of the steps must feed into the 

following phase.  
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Figure 5.13.: The steps undertaken to produce the Catchment Metabolism modelling schema for a selected 
catchment system.  
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Figure 5.14.: The Catchment as a System. Modified flow chart depicting the water actors and flows within the Poole Harbour catchment.  

Table 5.1.: The Catchment Physical Input Output Table (Catchment PIOT). The values within the cells are indicative of outputs generated by activities of the water actors of 
the catchment. The outputs mainly describe volumes of water (m3) or the metrics from indicators (non-dimensional).  

  Ecosystem Functions Water Services Agriculture 

  Water Cycle Urban Water Cycle Annual Cropping Livestock 

  Atmosphere Hydrosphere Pedosphere Lithosphere Abstraction Water 
Treatment 

Water 
Distribution 

Wastewater 
Distribution 

Wastewater 
Treatment 

Irrigation Harvest Fertilising Watering 
Animals 

Feed  

  1 2 3 4 5 6 7 8 9 10 11 12 13 14  

Atmosphere 1 X (1,1)              X (1,n) 

Hydrosphere 2  X (2,2)        X (2,10)     X (2,n) 

Pedosphere 3   X (3,3)            X (3,n) 

Lithosphere 4    X (4,4) X (4,5)     X (4,10)   X (4,13)  X (4,n) 

Abstraction 5 X (5,1)    X (5,5)     X (5,10)   X (5,13)  X (5,n) 

Water Treatment 6 X (6,1)     X (6,6)         X (6,n) 

Water Distribution 7       X (7,7)   X (7,10)   X (7,13)  X (7,n) 

Wastewater Distribution 8        X (8,8)       X (8,n) 

Wastewater Treatment 9 X (9,1)        X (9,9)      X (9,n) 

Irrigation 10  X (10,2) X (10,3) X (10,4)      X (10,10)     X (10,n) 

Harvest 11           X (11,11)    X (11,n) 

Fertilising 12            X (12,12)   X (12,n) 

Watering Animals 13  X (13,2) X (13,3) X (13,4)         X (13,13)  X (13,n) 

Feed 14 X (14,1) X (14,1)            X (14,14) X (14,n) 

  X (n,1) X (n,2) X (n,3) X (n,4) X (n,5) X (n,6) X (n,7) X (n,8) X (n,9) X (n,10) X (n,11) X (n,12) X (n,13) X (n,14)  
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5.3.2. The Catchment Metabolism schema in a water company 

Applying the Catchment Metabolism modelling schema in practice requires the input from a 

number of experts, as for the transdisciplinary nature of the approach calls for the synthesis of a 

wide spectrum of expertise. The modified use case diagram (Figure 5.15.) demonstrates the types 

of experts and their individual contributions for the design and application of the Catchment 

Metabolism schema.  

The use case diagrams are a software engineering technique and are used as a simple, but 

powerful tool to express the functional requirements of a system (Papajorgji and Pardalos 2014). 

Their construction is based on the object-oriented approach, such as the Unified Modelling 

Language (UML). A use case diagram contains information about the actors (i.e. the users of the 

system) and about the use cases (i.e. what the users do within the system). For the modified use 

case presented here, the “object” around which the diagram is drawn is the Catchment 

Metabolism modelling schema and the “system” is a water company.  

 

Figure 5.15.: Modified use case diagram on the expert input for the production and implementation of the 
catchment metabolism schema within a water company. The Unified Modelling Language (UML) is the basis for 
the construction of this diagram; derogations from the UML rules were made for the accommodation of the 
scope of the work.  
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The main actors identified in the given system are an Asset Manager and a Catchment Expert. 

Throughout the process these two actors are heavily involved. These roles can be fulfilled by 

individuals or teams. Their common tasks include the definition of the scope of the application and 

the identification of the main water actors in the catchment, i.e. of the catchment metabolism. 

Their individual tasks reflect their particular skills knowledge and are also aligned with the input 

from other company or external experts. For their individual tasks, the Asset Manager is 

responsible for the construction of the matrices that represent the outputs of individual sectors or 

activities within the catchment boundaries, while the Catchment Expert develops the accounting 

mechanisms for the computations of the outputs, making use of water accounting techniques.  

However, the practical application of the schema is a rather comprehensive process which 

requires the input from multiple experts and collaborative action to be taken. For the creation of 

the Catchment PIOT and the IDEF0 model, a number of experts are required in order to perform 

the break-down of the water-related industries into their sectors and define their structural 

features (inputs, outputs, controls, mechanisms) respectively. For the case study analysed in this 

work, the expertise of an environmental analyst, an operations manager and an agricultural expert 

are required for the analysis of the building blocks of the three main water actors identified within 

the given catchment system.  

The data produced by the assembly of the separate IDEF0 diagrams constitute the heart of the 

entire schema providing essential insights in the subsystems of the catchment under 

consideration. The Asset Manager will then pull the separate IDEF0 diagrams together in order to 

create the IDEF0 model and the Input-Output matrices for sectors and commodities. The data 

gathered for the development of the IDEF0 model will serve as the basis for the construction of a 

systems dynamic model by the Catchment Expert. The outputs of this type of model will produce 

the information for the Catchment PIOT.  

5.4. Summing up the Catchment Metabolism modelling schema  

The research outputs described in this chapter provide a novel, structured and systemic approach 

for asset management schemes in the water sector. The approach enables the integration of 

natural assets in the water sector’s portfolio and contributes to the limited literature of the 

approaches on transparent flow accounting and industrial reporting.  

The Catchment Metabolism is a modelling schema built on an interdisciplinary basis. The 

building blocks of the underpinning methodology have been analysed and introduced via a 

selected case study. The well-defined structure of the creation of the modelling schema provides 
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an opportunity for standardising an approach which allows water companies to explicitly account 

for natural capital and respond to current policy demands for resilient and long-term investment 

planning. The application of IDEF0 logic and rules for performing a catchment analysis provides 

consistency in modelling different and diverse systems.  

After having introduced the conceptual part of the Catchment Metabolism modelling schema 

and the principles of its underpinning methodology, the next chapters will focus on the synthesis 

of a set of metrics and indexes that allow for effective catchment flow accounting. The outputs of 

the processes presented in the IDEF0 model will be computed and used to convert the Catchment 

Physical Input Output Table into a portfolio representation on process outputs.  
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Chapter 6: The Catchment Metabolism in action: creating the Water 

Inventories 

Chapter 6 presents the application of the Catchment Metabolism in the selected case study (the 

Poole Harbour Catchment) and demonstrates the process of computing the content of a 

Catchment Physical Input-Output Table (Catchment PIOT). The Water Inventories underpinning 

Catchment PIOT were created based on the research advancements of the field of Water 

Accounting. Actor-specific water accounts are produced for each of the actors identified in the 

stakeholder analysis performed previously. The methodological choices made and data used for 

the arithmetic calculations of the hydrological water balance of the catchment (ecosystem water 

account) and the water inventory and environmental outputs (water company, agriculture) are 

presented and discussed.  

For the identification of the causal relationships among the catchment’s stakeholders, a 

systems dynamics analysis is conducted. A scenario analysis and assessment is then performed, 

based on the methodologies created for each of the catchment’s stakeholders. The scenarios 

describe the current environmental status of the catchment and assess how two alternative 

approaches to agricultural practice will affect the overall environmental performance of the 

catchment. 

The research outputs of the chapter set the rules for the creation of the Catchment PIOT Water 

Inventories based on the established methods and indices of Water Footprint Assessment and Life 

Cycle Assessment. They contribute transparent methodologies for stakeholder-specific water 

inventories, applied at a catchment scale. These map hydrological parameters against the available 

indicators provided in literature and demonstrate their use within the context of Integrated 

Catchment Management, contributing to the limited relevant literature. Further, the synthesis of 

methods and approaches explored in the chapter, i.e. systems dynamics and water footprinting, 

indicates a novel perspective on their combined use.  

6.1. Methods Review  

In the field of Water Accounting, literature shows two parallel developments in the area of Water 

Inventories: water-related Life Cycle Assessment (LCAwater) and Water Footprint Assessment 

(WFA). Boulay et al. (2013) summarise, compare and contrast the two methodologies (Table 6.1.).  
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Briefly, both methodologies comprise of four stages, namely: scope definition, inventory or 

accounting, impact or sustainability assessment and interpretation or response formulation. 

Further, both methodologies comply with the ISO standard 14046 (2014) requirements for water 

footprinting, as they include water consumption and pollution and can be used in synergy with 

other water management tools to meet their goal: enable practitioners to preserve water 

resources (Pfister and Ridoutt 2014; Boulay et al. 2013). 

Herein, the short introduction to the methodologies is followed by the more detailed 

presentation and discussion of the indices used for the performance of the water-related 

environmental impact assessments. The academic literature shows that the research area of water 

inventories is rapidly growing and lively discussed. The debate between the LCAwater and the WFA 

communities has been more active since the publication of the BS ISO Standard on Life Cycle 

Assessment and Water Footprint (BS ISO 14046:2014), with an increasing number of publications 

focussing on new methods for assessing environmental impacts (e.g. Boulay et al. 2015a,b,c; 

Pfister and Bayer 2014) and critical analyses and review (e.g. Berger et al. 2016; Núñez et al. 2016; 

Hoekstra 2016).  

Table 6.1.: Comparison and synergies between the Water Footprint Assessment (Hoekstra et al. 2011) and the 
water-specific Life Cycle Assessment (LCAwater) methodologies. Based on Boulay et al. 2013.  

Synergies between LCAwater and Water Footprint Assessment (WFA) methodologies  

LCAwater WFA 

Inventory 
-The quantitative indicators from WFA can be used 
within the LCA inventory, particularly the blue WF.  
-The use of Green WF is restricted, due to the lack of 
green water use pathways. 
-The use grey WF is not advised, due to the 
hypothetical quantification of water pollution.  

Water Footprint Accounting 
-LCA inventory data can be obtained from the 

well-developed existing databases. 

Impact Assessment 
-The WFA Blue Water Scarcity indicator can be 

compared with other water scarcity indicators from 
LCA.  

Sustainability Assessment 
-LCA impact assessments can be considered in 

WFA to better evaluate the sustainability of 
fresh water consumption.  

Interpretation 
-The sustainability assessment and response 

formulation from WFA can be used to improve the 
interpretation of LCA quantitative results.  

Response formulation 
-No synergies identified.  

This section intends to give an overview of the developments in the field of water inventory 

and of the predominant indices used in the literature of both communities. The synergies, 

differences and limitations of the existing methods are discussed, aimed at identifying the 
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indicators suitable to serve the needs of the implementation of the Catchment Metabolism 

modelling schema in practice.  

6.1.1. Inventory or Accounting Phase 

The ISO standard 14046 (2014) defines the life cycle inventory analysis (or LCI) as the phase of life 

cycle water footprint assessment involving the compilation and quantification of input and outputs 

related to water for a product throughout its life cycle. The development of water LCI schemes has 

progressed over the years, as evidenced by the growing number of publications and modifications 

over the years (Figure 6.1.).  

Owens (2002) introduced the terminology used in the water-related LCA advancements and set 

the grounds for the development of LCI water schemes. The LCI schemes developed by Vince 

(2007), Bayart et al. (2010) and Boulay et al. (2011) propose a detailed accounting of water use 

which considers volumetric, geographical, watercourse and quality information in order to satisfy 

the requirements of the recently developed impact assessment methods (Berger et al. 2016). 

Pfister et al. (2015) graphically summarise the inventory flows relevant to the assessment of water 

use impacts, as they have been incorporated in the Ecoinvent 3.0 database (Figure 6.2.).  

The flow accounting is performed according to the principles outlined in the earlier works 

(Bayart et al. 2010; Owens 2002) which suggested that, two parameters need to be considered for 

each water flow: 1. Resource type (e.g. groundwater, surface water), 2. Water quality. These works 

also highlighted the need for the calculation of the balances of each of the elementary water flows 

of the system as a means to quantify the net changes of the availability of each of them.  

The term ‘water use’ in LCI schemes is defined as the total withdrawal of freshwater (Berger et 

al. 2016; Pfister et al. 2009), which is differentiated into: consumptive water use (i.e. water flow 

not returned in the original water basin due to evapotranspiration, product integration or 

discharge into other basins or the sea), degradative water use (i.e. water flow returned to the 

original water basin, after qualitative degradation) and borrowing water use (i.e. water flow 

withdrawn and discharged with no or low quality degradation. The definition of the consumptive 

water use is challenged and criticised by Burger et al. (2014), which opposes that the LCI definition 

neglects the significant shares of evaporated water returning via precipitation within short time 

and length scales. The work introduces the concept of effective water consumption (WCeff) and the 

relevant accounting scheme, which considers the effects of atmospheric moisture recycling within 

basins. The introduction of evaporation cycle process in the water accounting process of products 

or services is mostly relevant when considering agricultural product systems. Further, in the 
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existing LCI schemes, “green water” (i.e. the part of precipitation stored in the soil or the 

precipitation that temporarily stays on top of the soil or vegetation) is not included in the 

consumptive water use, as it is considered as a land use indicator, not fully affecting the water 

cycle (Ridoutt and Pfister 2013). The non-inclusion of green water in LCI schemes is also reflected 

in the identification of the potential impact pathways (Figure 6.3.).  

The framework proposed by Bayart et al. (2010) suggests that water quality in the LCI modelling 

can be considered using two distinct approaches: (i) distance-to-target or (ii) functionality. For the 

former, the quality of the different water types is assessed by determining the equivalent effort 

necessary to process each water source to the same final effluent. This can be done by assessing 

either the volume of water needed to dilute a given water type to the acceptable standards for 

each single use or the energy required to purify a resource at the same quality. For the latter, a 

water flow is functional when its quality parameters meet the acceptable standards concerning 

each user. In this vein, Boulay et al. (2011) introduced 17 distinct water categories based on the 

source, quality and potential users as a means to assess the loss of functionality for humans. 

Recently, Berger et al. (2016) stress that, further methodological developments are needed to 

include water quality parameters into the corresponding water impacts.  
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Figure 6.1.: Available freshwater inventory and impact assessment methods and water indices. Adapted from 
Kounina et al. 2013 and enhanced based on more recent literature.
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Figure 6.3.: Main Impact Pathways relating to freshwater use in Life Cycle Assessment studies. Adapted from Mila i Canals (2009) and updated based on Kounina et al. 2013.  
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Figure 6.2.: The inventory flows relevant to the assessment of water use impacts. Adapted from Berger et al. 
2016 and Pfister et al. 2015. 

For the Water Footprint Assessment (WFA) methodology, the equivalent of the LCI scheme is 

the Water Footprint Accounting phase. This includes the identification of the inventory boundaries 

(i.e. system boundaries, type of footprint considered, spatiotemporal explication) and the 

consequent computation of the water footprints (Hoekstra et al. 2011).  

The water footprint (WF) is an indicator of freshwater use which includes both the direct and 

indirect use of water of a consumer or a producer (Hoekstra, 2003, Figure 6.4.) and its 

development was based on the concept of virtual water as introduced by Allan (2003). It is a 

volumetric, multidimensional indicator, showing water consumption volumes by source and 

polluted volumes by type of pollution. All components of a total water footprint are specified 

geographically and temporally: the WF is a geographically and temporally explicit indicator, 

showing not only the volume of the consumptive water use and pollution, but also the locations 

and time. The WF can be calculated for different entities (e.g. a step, a process, a product, a nation 

etc.), different groups of consumers (e.g. an individual family) or producers (e.g. an enterprise or 

an economic sector) and for different geographically delineated spatial scales (e.g. a country, a 

region or a catchment). For example, the WF of a product is the volume of freshwater used to 

produce the product, measured over the full supply chain and the WF of an individual, community 
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or nation is defined as the total volume of freshwater that is used to produce the goods and 

services consumed by the individual, the community or the business.  

As shown in Figure 6.5., a WF consists of three components: blue WF (WFblue), green WF 

(WFgreen) and grey WF (WFgrey). The WFblue measures the consumptive use of fresh surface and/or 

groundwater, the so-called blue water. The term ‘consumptive water use’ refers to one of the 

following four cases: (1) water evaporates, (2) water is incorporated into a product, (3) water does 

not return to the same catchment area, (4) water does not return in the same period. The WFblue 

differs from ‘water withdrawal’ in three main points: (1) it does not include blue water use that is 

returned to where it came from (2) it considers blue, green and grey water (3) it includes both 

direct and indirect water use. The WFgreen quantifies the human consumption of the green water 

(i.e. the part of precipitation stored in the soil or the precipitation that temporarily stays on top of 

the soil or vegetation) and is particularly relevant for agricultural and forestry products (products 

based on crops or wood). It refers to the total rainwater evapotranspiration (from field and plants) 

plus the water incorporated into the harvested crop or wood. The WFgrey indicates the volume of 

freshwater that is required to assimilate the load of pollutants based on the natural background 

concentrations and existing ambient quality standards.  

According to the WFA manual (Hoekstra et al. 2011), the tool of WF is not a measure of the 

severity of the local environmental impact of water consumption and pollution; therefore, it does 

not address environmental issues other than freshwater scarcity and pollution. Thus, it should be 

regarded as an analytical tool that has broadened the traditional scope in water scarcity analysis 

by introducing supply chain thinking and can expand the knowledge base for integrated water 

resources management (IWRM) or integrated catchment management (ICM) and informed 

decisions being made in these contexts. In such cases, the WF is used to express human 

appropriation of freshwater in volume terms, when compared with the hydrological cycle within a 

river basin or catchment. Figure 6.6. shows the green and the blue WF in relation to the water 

balance of a catchment or river basin. For the computation of the total WF of a delineated area or 

a catchment, the sum of the total freshwater consumption and pollution within the boundaries of 

the area needs to be calculated (Figure 6.7.) It is noted that, in order to calculate the total 

catchment WF, various water balances and footprints need to be computed, including the WF of 

consumers living within the catchment and the balance of the virtual water flows (i.e. water 

incorporated in the products) which are imported and exported to and from the catchment.  
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Figure 6.4.: Schematic representation of the components of a water footprint. It shows that the non-
consumptive part of water withdrawals (the return flow) is not part of the water footprint. It also shows that, 
contrary to the measure of ‘water withdrawal’, the ‘water footprint’ includes green and grey water and indirect 
water-use component. Adapted from Hoekstra et al. 2011.  

 

Figure 6.5.: The green and the blue water footprint in relation to the water balance of a catchment area. 
Adapted from Hoekstra et al. 2011. 
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Figure 6.6.: The catchment water footprint (wf) accounting scheme. It shows the various balances that hold for 
the wf of consumers living within the catchment, the water footprint within the catchment area, the total 
virtual water export from the catchment and the total virtual water import into the catchment. 

The concept of WF and the WFA methodology have been broadly accepted by global and 

national policy-makers, including the United Nations Environment Programme (UNEP) and the 

Environment Agency (EA) of the United Kingdom, and have been applied to a number of projects, 

such as the umbrella project ‘Water Footprint Neutrality & Efficiency (WaFNE)’ (UNEP 2011) and 

the ‘Water Footprint Assessment for the Hertfordshire and North London Area’ (Zhang et al. 2014). 

The outputs of these projects have highlighted areas of improvement in different research areas 

and economic sectors or even formulated responses for specific regions. In the research arena, the 

WFA methodology has been widely applied. Nevertheless, the WFA methodology and its indicators 

have been largely criticised Wichelns 2015; Chenoweth et al. 2014; Ridoutt and Pfister 2013; Yang 

et al. 2013). 

6.1.2. Impact or Sustainability Assessment Phase 

Water use is addressed twice in the Life Cycle Assessment (LCA) compendium: as an impact 

category within LCA (ISO 14040:2006) or as a stand-alone ‘water footprint’ (ISO 14046:2014), 

which is defined as a “metric that quantifies the potential environmental impacts related to 

water”. According to the recommendations of the WULCA group (http://www.wulca-

waterlca.org/), these include impacts related with water use, and the subsequent effect on water 
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availability for humans and ecosystems as well as direct impacts on the water resource and its 

users from emissions to air, soil and water. The traditional LCA impact categories (e.g. freshwater 

eutrophication, freshwater acidification etc.) are used for the quantification of impacts. A water 

footprint can be represented as a result of a stand-alone assessment or as a sub-set of results of a 

larger environmental assessment, such as a full-LCA (Figure 6.7.). According to the ISO standard 

14046:2014, the term ‘Water Footprint’ is applied only when both consumptive and degradative 

aspects of water use are assessed. When the indicators are used within more specific contexts, 

their name should reflect the scope. For example, when only consumptive water use is assessed, 

the ‘water scarcity foorprint’ should be used as an alternative.  

The developments in the LCA impact assessment frameworks and methods have flourished 

during the last few years, as witnessed by the considerable volume of published literature (Figure 

6.1.). The ongoing developments on the assessment of freshwater use have driven the publication 

of a number of review papers (Berger et al. 2016; Núñez et al. 2016; Boulay et al. 2015a,b; Jarvis 

et al. 2013; Kounina et al. 2013; Berger et al. 2013; Jeswani et al. 2011; Berger et al., 2010) and 

case studies (van Hoof et al. 2013; Godskesen et al. 2013, Uche et al. 2013; Yang et al., 2013, Angrill 

et al. 2012; Gleeson et al. 2012; Jefferies et al. 2012; Stoeglehner et al. 2011; Pfister et al. 2009), 

which address regional water resources at various scales (product, aquifer, hinterland, urban, 

groundwater catchment, watershed).  

On the midpoint level, the basic and common concept of indicators developed to assess the 

environmental impacts of freshwater use is to express the physical resource availability compared 

to the demand by taking the ratio of water use or consumption to water availability. As discussed 

by Boulay et al. (2015a), the indicators have evolved from Withdrawal-to-Availability (WTA) and 

Consumption-to-Availability (CTA) to Demand-to-Availability (DTA) and Availability-minus-Demand 

(AMD). Based on the latter, the AWARE (Available Water Remaining) method (Boulay et al. 2016, 

submitted) has been suggested as a generic midpoint indicator for assessing water consumption. 

The indicator represents the relative available water remaining per area in a watershed (expressed 

in m3 m-2 month-1), after the demand of humans and ecosystems have been met. Thus, it assesses 

the potential of water deprivation of either humans or the aquatic ecosystem and can be classified 

as a water scarcity footprint indicator.  
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Figure 6.7.: The different types of Water Footprint according to the ISO standard 14046:2014.  

On the endpoint level, the water use can result in three areas of protection (Kounina et al. 

2013), relating to “human health”, “ecosystem quality” and “resources” (Figure 6.1.; Figure 6.3.). 

The cause-effect chain on human health is relatively well-defined compared to the other two 

categories. Recent works (e.g. Boulay et al. 2015 a,b,c) identify the key existing methods and 

discuss methodological developments for achieving consensus for the assessment of endpoint 

impacts relating to human health due to water consumption or scarcity. The impact pathways of 

water consumption to ecosystem quality and to resource availability are more complicated and 

the targets and approaches for assessing potential damages are diverse (Berger et al. 2016). There 

are several limitations for the expansion and consensual adoption of the available methods (Figure 

6.1.) due to lack of knowledge of region-specific pathways and data availability of parameters for 

the analysis. Considerable differences and relevant limitations apply to the characterisation factors 

used in LCA studies, while the use of water indices as characterisation factors for midpoint and 

endpoint impact assessments methods has been suggested (Kounina et al. 2013) for studies on 

freshwater consumptive or degradative use.  

The counterpart of the ‘Impact Assessment’ phase for the Water Footprint Assessment (WFA) 

methodology is referred as ‘Water Footprint Sustainability Assessment’. This phase assesses the 

sustainability of water footprints when compared with the water availability at a given unit of 

analysis (Hoekstra et al. 2011). The assessment is based on the principle of ‘environmental 
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sustainability boundaries’ (Richter 2010) and the concept of primary and secondary impacts (i.e. 

the equivalent of midpoint and endpoint impact categories of LCA studies respectively).  

When conducting a water footprint sustainability assessment of a catchment or a river basin, a 

four-step process is followed (Figure 6.8.). The first step involves the identification and 

quantification of the criteria for conducting the sustainability assessment of the catchment. The 

identification of the catchment’s hotspots, namely sub-catchments or periods of the year when 

the water footprint is regarded unsustainable, follows. The third and fourth steps involve, 

respectively, the quantification of the primary and secondary impacts in the hotspots. Primary 

impacts are described in terms of changed water flows and quality (compared to the natural 

conditions, without human disturbances). Secondary impacts refer to the ecological, social and 

economic goods and services that are impaired from the catchment area as a result of the primary 

impacts.  

 

Figure 6.8.: Assessment of the sustainability of the water footprint within a catchment or river basin as a 
step-four process (adapter from Hoekstra et al. 2011).  

The identification of the catchment’s environmental hotspots is a substantial step in a Water 

Footprint Sustainability Assessment. The environmental hotspots can relate to the green, blue or 

grey footprint of the catchment and a set of mathematical figures are used for their identification. 

A number of indices has been introduced in the literature (Hoekstra et al. 2011) and are 

summarised in Table 6.2. In general terms, the water (green or blue) availability of the catchment 

is firstly computed. The figures produced are then used to produce the water (green or blue) 

scarcity figures. The water scarcity indicators denote the ‘fraction of appropriation’ of the available 

freshwater resources. A similar process is followed for the computation of the water pollution level 

in a catchment, as an indicator of the degree of pollution based on the grey water footprint. A sub-

catchment or a period within a year is characterised as an environmental hotspot when the green 

water scarcity, the blue water scarcity and/or the water pollution level exceeds 100 per cent.  
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Table 6.2.: Summary of the indices used from the Water Footprint Assessment methodology to assess the environmental sustainability of water footprints at a catchment 
scale. Based on Hoekstra et al. 2011. 

Assessing the Environmental Sustainability of Water Footprints at a catchment scale 

Water Footprint Indices Comments 

Green Water Footprint 

Green Water Availability (WAgreen)  
𝑊𝐴𝑔𝑟𝑒𝑒n[𝑥, 𝑡] = 𝐸𝑇𝑔𝑟𝑒𝑒𝑛[𝑥, 𝑡] − 𝐸𝑇𝑒𝑛𝑣[𝑥, 𝑡] − 𝐸𝑇𝑢𝑛𝑝𝑟𝑜𝑑[𝑥, 𝑡] 

ETgreen: total evaporation of rainwater from land 
ETenv: environmental green water requirements 
ETunprod: evaporation in areas or periods of that year that are unsuitable for crop growth 
Green Water Scarcity (WSgreen) 

𝑊𝑆𝑔𝑟𝑒𝑒𝑛[𝑥, 𝑡] =
∑ 𝑊𝐹𝑔𝑟𝑒𝑒𝑛[𝑥, 𝑡]

𝑊𝐴𝑔𝑟𝑒𝑒𝑛[𝑥, 𝑡]
 

ΣWFgreen: the total of green water footprints in the catchment 
WAgreen: green water availability 

-expressed in: [volume/time] 
-ETenv: green water used by 

natural vegetation. Assumes land 
used for conservation and a 

default value of 30% of total land 
use of a catchment. 

 

-denotes the ‘fraction of 
appropriation’ of available green 

water 
-when WSgreen=100%, then WA=0 

 

Blue Water Footprint 

Blue Water Availability (WAblue) 
𝑊𝐴𝑏𝑙𝑢𝑒[𝑥, 𝑡] = 𝑅𝑛𝑎𝑡[𝑥, 𝑡] − 𝐸𝐹𝑅[𝑥, 𝑡] 

Rnat: natural run-off in the catchment 
EFR: environmental flow requirements 
Blue Water Scarcity (WSblue) 

𝑊𝑆𝑏𝑙𝑢𝑒[𝑥, 𝑡] =
∑ 𝑊𝐹𝑏𝑙𝑢𝑒[𝑥, 𝑡]

𝑊𝐴𝑏𝑙𝑢𝑒[𝑥, 𝑡]
 

ΣWFblue: the total of blue water footprints in the catchment 
WAgreen: blue water availability 

-expressed in: [volume/time] 
-Rnat=Ract + WFblue(total) 

-if WFblue>WAblue, then EFR<0 
 

-time-dependant; varies through 
the year 

-monthly based calculations 
sufficient to show variations 

-should be additionally assessed 
against the water stocks (e.g. 

groundwater) 
 

Grey Water Footprint 

Water Pollution Level (WPL) 

𝑊𝑃𝐿[𝑥, 𝑡] =
∑ 𝑊𝐹𝑔𝑟𝑒y[𝑥, 𝑡]

𝑅𝑎𝑐𝑡[𝑥, 𝑡]
 

ΣWFgrey: the total of grey water footprints in the catchment 
Ract: actual run-off from the catchment 

-measures the degree of pollution 
-if WPL=100%, assimilation 

capacity=0 
-time-dependant; varies through 

the year 
-monthly-based calculations 
sufficient to show variations 
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Following on the identification of hotspots, the sustainability of a process is assessed against 

two criteria: (i) geographical context and (ii) characteristics of the process. For the former, a 

process is not sustainable when is situated in a spatial or temporal hotspot. For the latter, a process 

is unsustainable when its water footprint can be reduced or avoided altogether. Nonetheless, no 

criteria exist for the assessment of the sustainability of single processes. For catchment-scale 

studies, the assessment of the sustainability of a process is relative and dependant on the local 

conditions.  

For assessing local impacts relating to water footprints and water scarcity, a number of Water 

Footprint Impact Indices have also been developed. The green, the blue and the grey water 

footprint impact indices (𝑊𝐹𝐼𝐼𝑔𝑟𝑒𝑒𝑛, 𝑊𝐹𝐼𝐼𝑏𝑙𝑢𝑒 and 𝑊𝐹𝐼𝐼𝑔𝑟𝑒𝑦) are aggregated and weighted 

measures of the environmental impact of the green, blue and grey water footprints respectively. 

They can be computed according to the following equation: 

𝑊𝐹𝐼𝐼𝑖 = ∑ ∑(𝑊𝐹𝑖[𝑥, 𝑡] × 𝑊𝑆𝑖[𝑥, 𝑡])

𝑡𝑡

 

where: 

𝑖 refers to the green, blue or grey component of the water footprint methodology 

𝑊𝐹𝑖[𝑥, 𝑡] is the water footprint of a product/process specified by a catchment 𝑥 and by month 𝑡 

𝑊𝑆𝑖[𝑥, 𝑡] is the water scarcity by catchment and by month.  

As noted in the Water Footprint Assessment Manual (Hoekstra et al. 2011), these indices only 

give a crude impression of the local environmental impacts of water footprint as a whole, which 

can be useful for comparative studies among catchments or as impact indices for LCA studies. For 

the formulation of catchment-specific strategies and the assessment of sustainable water use, the 

application of the volumetric accounts of the WFA methodology are suggested.  

The concept of Environmental Flow Requirements (𝐸𝐹𝑅) is at the centre of the WFA 

methodology for identifying hotspots and assessing the impacts of blue water consumption. 

According to the Brisbane Declaration (2007), EFR is defined as ‘the quantity, timing and quality of 

water flows required to sustain freshwater and estuarine ecosystems and the human livelihood 

and well-being that depend on these ecosystems’. There more than 200 methods used worldwide 

to calculate the EFR needed to maintain healthy riverine ecosystems (Tharme 2003), which can be 

grouped in four categories: hydrological approach, hydraulic rating, habitat simulation and holistic 

methods. The increasing interest of the hydrological community in a method for explicit 

consideration of EFR in hydrological assessments has driven a lively discussion in literature (Liu et 
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al. 2016; Zeng et al. 2013; Hoekstra et al. 2012; Poff et al. 2010; Smakhtin et al. 2004). Hoekstra et 

al. (2012) assumed EFR to be 80% of the total water resources for the assessment of the global 

water scarcity; a simplistic assumption which did not consider the complexity of river regimes at a 

regional scale (Liu et al. 2016).  

The concept of Water Footprint and the indexes introduced by the WFA methodology have 

been recently used as the basis for the creation of a water scarcity indicator which simultaneously 

considers EFR, Water Quantity and Water Quality. The quantity, quality and EFR indicator (QQE 

indicator) is introduced as a holistic and rapid method for assessing water stress at a regional scale 

(Liu et al. 2016). The following equations are used to construct the QQE water scarcity indicator: 

𝑆𝑞𝑞𝑒 =  𝑆𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 (𝑃)/𝑆𝑞𝑢𝑎𝑙𝑖𝑡𝑦       

𝑆𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 = 𝐵𝑊𝐹/𝐵𝑊𝐴 = (𝑊 𝑥 𝑅)/ (𝐵𝑊𝑅 − 𝐸𝐹𝑅)      

𝑆𝑞𝑢𝑎𝑙𝑖𝑡𝑦 = 𝐺𝑊𝐹/𝐵𝑊𝑅     

where: 

𝑆𝑞𝑞𝑒 is the overall water scarcity index 

𝑆𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 is the index of water quantity scarcity  

𝑆𝑞𝑢𝑎𝑙𝑖𝑡𝑦 is an index that quantifies the pollution-based water scarcity 

𝑃 is the percentage of EFR in total blue water resources 𝐵𝑊𝑅 to maintain “good” habitat quality 

𝐵𝑊𝐹 is the blue water footprint (m3)  

𝐵𝑊𝐴 is the blue water availability (𝑊𝐴𝑏𝑙𝑢𝑒) (m3) 

𝑊 is the blue water withdrawal 

𝑅 is the water consumption ratio 

𝐺𝑊𝐹 is the grey water footprint (m3). 

The discussion on the use of the QQE indicator as part of the water inventory of the Catchment 

PIOT and the performance of its computations for the Poole Harbour catchment to follow (section 

6.5.).  

6.2. System Dynamics 

Systems Dynamics (SD) is an approach for understanding the dynamic behaviour of systems 

(Williams and Hummelbrunner 2011). It was originally introduced in 1950s by Jay Forrester and, 

despite its grounds on engineering and management, it was intended for the analysis of social 

systems. SD is based on the idea that systems consist of elements that, at a specific point in time, 

have a value (‘stock’) which can change over time through inflows and outflows. The dynamic 

behaviour of a given system can be explored and explained by the relationships between the stock 

and flows variables. Their applications to date show that SD models offer valuable insights into the 
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dynamic behaviour of complex systems, mainly because they can provide evidence on what 

actually produces their behaviour (Williams and Hummelbrunner 2011).  

The building blocks of an SD model are the Causal Loop Diagrams (CLDs) which serve as a 

language for articulating the dynamic, interconnected relations developed in a complex system. 

CLDs are based on the concept of ‘feedback loops’, which can be described as a closed sequel of 

causes and effects (Flood 1999). There are two types of feedback loops: positive or reinforcing (i.e. 

all variables respond in the same direction) and negative or balancing (i.e. at least one of system’s 

variables in the opposite direction). The combination of multiple feedback loops for a given system 

results in a causal network. This network leads to the creation of the SD diagram or model; thus, 

enables the analysis of the interaction of the multiple variables of a system.  

Recent works show a growing interest in the application of System Dynamics (SD) in water 

research. A number of articles have been published only in the last few years (Sanga and 

Mungatana 2016; Balali and Viagii 2015; Elshafei et al. 2015; Niazi et al. 2014), providing analyses 

on the emerging modelling approach along with SD models aimed for effective and sustainable 

water resources management. The SD models created intend to identify the relationships between 

the components of complex water systems, either at a catchment or aquifer level. The works show 

evidence that SD is a promising tool for exploring alternatives for effective water resources 

management, as it allows for explaining complex relationships among different variables of a given 

water system. It is a modelling approach which not only allows the investigation of 

natural/ecological systems, such as the interaction between surface and groundwater, but also 

enables the thorough analysis of the synergies developed in ‘coupled’ systems. The coupling of 

ecological and economic modelling has been greatly benefited by the SD framework, as it proves 

to be an effective tool for defining the interconnections and complementarities among 

hydrological, economical and sociological variables. This holistic view on a water system enables 

the investigation of trade-offs relevant to decision-making and the selection of the instruments 

allowing the design of truly sustainable, optimum solutions. Nevertheless, there are several 

limitations which need to be addressed in future applications of the SD framework in water 

research (Sanga and Mungatana 2016): seasonal variations of climatic parameters need to be 

included in the modelling; the frameworks and models produced should be grounded on robust 

assumptions regarding the social aspects of the systems under study; the institutional structures 

and relevant policies should be modelled as part of the system.  

The SD framework has been employed for the identification of the causal relationships among 

the actors of the catchment. The SD-based representation of the catchment is shown in Figure 
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6.9.(a,b). The SD diagram has been developed using STELLA 10.1.2., which is a software designed 

by a US-based company (isee systems) for modelling the dynamics of highly interdependent 

systems. The STELLA software provides a set of simple building blocks that enable the 

representation of multiple systems, with a range of applications in environmental sciences.  

Causal loop diagrams represent each of the actors, from a ‘sectorial’ perspective, which enables 

the translation of the Catchment Physical Input-Output Table into a systems dynamics 

representation. Each of the catchment’s sectors are depicted as a ‘stock’. Then, a main causal loop 

diagram is created, which reveals the relationship among actors. That is, the processes 

underpinning the water cycles occurring within the catchment boundaries are depicted, along with 

the resulting type of water and the demand it fulfils. For example, the ‘Available Blue and Green 

Water’ satisfies the need of the actor Ecosystem/ sector Hydrosphere for Environmental Flow 

Requirements (EFR), which provides the minimum environmental for maintaining an optimum 

status within the Hydrosphere.  

The SD model produced is a simplified representation of the internal structure of the complex 

catchment system in terms of the interconnections among its actors and their sectors. As such, it 

is a pictorial representation of the systems’ behaviour, which will be further studied for a number 

of different scenarios (section 6.4.1.). It illustrates the interactions among the multiple water cycles 

occurring within the catchment boundaries; thus, the interactions between the ecosystem, the 

sector of agriculture and selected built assets. The identification of the interdependent relations 

drives the selection of the indices which best describe the flows of the catchment and, 

predominantly, the outputs of the stakeholders or of their sectors to the other subsystems of the 

catchment. For example, the metric of Grey Water Footprint or the index of Water Pollution Level 

are identified as the tools applicable for the quantification of the outputs of the sectors Crop 

Cultivation and Livestock to the sector of Hydrosphere.  

The joint use of the SD catchment model with water accounting and impact assessment 

methods would provide evidence on the overall performance of the catchment system under the 

implementation of different strategies. This would be particularly interesting for the strategies 

involving a combination of land management approaches and conventional end-of-pipe solutions 

to tackle environmental issues. It would be an effective methodology to identify synergies and 

trade-offs at a system’s level and quantify outputs for multiple actors. Its transparent structure 

and flexible modelling rules enable the study of the catchment as a whole system, the 

identification of hotspots for further study or the further expansion of the model. Further, the SD 

model created can serve as the basis for embedding mathematical formulas and programme 
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coding, in order to automatically compute the outputs among stakeholders at a catchment scale, 

for multiple time scales.  
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Figure 6.9.: (a) The System Dynamics model for the Poole Harbour Catchment. The model serves methodological purposes: it shows which relationships among the 
stakeholders of the catchment need to be quantified and thus, drives the selection of relevant water indices, as presented in figure section (b). 
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6.3. Water Accounts for the Catchment’s Stakeholders  

This section presents and analyses the methodology formulated and applied for the computation 

of the water regimes and the process outputs for each of the catchment’s stakeholders (or actors). 

The methodologies created for the computations is based on literature and is reproducible for 

multiple catchments and case studies. Herein, the application of the methodologies is 

demonstrated for the selected case study, the Poole Harbour Catchment. Details on the data 

requirements and data sources per actor are also provided, whilst the assumptions made are 

clearly mentioned.  

For the Poole Harbour Catchment, the stakeholder analysis has identified three main actors: the 

ecosystem, the water company and the agricultural sector. For each of the actors, an approach for 

the construction of their water inventory is firstly presented, followed by the methodology for the 

computation of environmental outputs. The latter is based on the systems dynamic model 

presented earlier (section 6.2.) and the choices made are discussed separately for each of the 

actors. Table 6.3. summarises the main features of the methodologies created for the computation 

of the water regimes of the catchment’s stakeholders, namely: method (literature) underpinning 

the methodology, the source and type of data applied, and assumptions made.  

The design of the Catchment PIOT as an output table, suggests that, only outputs (i.e. figures 

underpinning the computation of water-related impacts at a later stage) will be displayed on its 

final format. Nevertheless, the inventory of each of the actors needs to be presented as it 

constitutes the underpinning work leading to the computation of the outputs.  
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Table 6.3.: Summary of the methodologies created for performing Water Accounting for the main actors of the Poole Harbour Catchment: ecosystem, water company, 
agriculture. The underpinning methods and the relevant literature, the data sources and types and the assumptions made are listed. The methodologies created can be 
generalised and reproduced for multiple case studies/catchment typologies. The assumptions were made due to lack of catchment-specific data and limited time of the 
research project.  

Water Accounting for the Poole Harbour Catchment: methods, data, assumptions 

Actor Method & Literature Data Source Data Types Assumptions 

Ecosystem 

Water Budget (McMahon 
et al. 2013; Fandel 2012) 

 

Montana Method (Tennant 
1976) as 

described/modified in Liu 
et al. 2016 and Arthington 

2012 

Meteorological Office 
Rainfall and Evaporation 

Calculation Scheme 
(MORECS) 

 

National River Flow Archive 
(NRFA) 

Time period: 1996-2015 
 

MORECS weekly values for squares 180 & 
181, and following hydrometric 

parameters: 
Rainfall, potential and actual evaporation, 

effective precipitation, soil moisture deficit 
 

Mean Annual Flow data for rivers Frome 
and Piddle  

Annual Catchment Average computed as  
[52%*(sq180 values +48%* (sq181 values)] 

 

ΔS (change in soil moisture)=0 on an annual basis 
 

Catchment Mean Annual Runoff computed as the 
sum of Mean Annual Runoff of rivers Frome and 

Piddle 

Water 
Company 

Water Footprint 
Assessment (Hoekstra et al. 
2011) modified according 
to Morera et al. 2016 and 

Manzardo et al. 2016 
 

Life Cycle Assessment (LCA) 

Wessex Water Services Ltd 
 

Literature (Morera et al. 
2016) 

Time period: 2010-2015 
 

Daily & monthly values for: water quality, 
chemical usage, electricity consumption 

All Water Treatment Plants (WTPs) and Wastewater 
Treatment Plants (WWTPs) of the catchment include 
a nitrogen-removal process and operate in the same 

efficiency 
 

No evaporation during treatment processes 
Cmax N=50 mg/l 
Cnat N=0 mg/l 

 

Only WTP and WWTP are accounted as part of the 
WF of the urban water cycle- distribution is excluded 

from the accounting  

Agriculture 

Water Footprint 
Assessment (Hoekstra et al. 

2011) 
 

CROPWAT (FAO 2012) 
 

National Statistics 
(www.ons.gov.uk) 

 

Nix (2015) 
 

CLIMWAT (FAO 2012) 
 

Nitrogen Reduction Strategy 
(Environment Agency 2013) 

 

Webpage: criddles.co.uk 
 

Average UK Annual Yield data 
 

Average Fertiliser application per crop type 
 

Crop rotation for the UK  
 

Agricultural practice and yield as in literature/across 
UK 

 

Bournemouth & Exeter CLIMWAT data represent the 
data from MORECS squares 180 & 181 respectively 

 

WF only during the production phase – no WF of 
fertilisers etc.  
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6.3.1. Actor: Ecosystem  

The natural water cycle represents the water regime of the actor “ecosystem”. The computation 

of the natural water balance is performed at a catchment scale, where the water budget is 

assumed to be balanced over a long period of time (Fandel 2012). In order to study the catchment 

as a hydrological system, the volume of the water circulating among the different natural 

reservoirs needs to be quantified. The basic mathematical equation used for the computation of 

the water budget for a hydrological catchment system is described below (McMahon et al. 2013; 

Fandel 2012): 

 

𝑃 = 𝐸𝑇 + 𝐼 + 𝑅 + 𝛥𝑆        (1) 

where: 

𝑃 is the mean annual precipitation in the catchment  

𝐸𝑇 is the mean annual evapotranspiration of the catchment  

𝐼 refers to water stored in aquifers as a result of infiltration  

𝑅 is the mean annual runoff  

𝛥𝑆 is the change in soil moisture storage over the analysis period 

Values are given in millimetres of rainfall (mm) or cubic meters of water (m3). The budget is 

computed over a period of a year (12 months). At this annual time step, the change in soil moisture 

(𝛥𝑆) is assumed zero (Wilson 1990). Evapotranspiration (𝐸𝑇) is defined as the sum of evaporation 

(i.e. liquid water transferred as water vapour to the atmosphere) and transpiration (i.e. 

evaporation from within the leaves of a plant) from soil surfaces (Allan 2003). Literature 

distinguishes two types of evapotranspiration for water studies: actual (𝐸𝑇𝑎𝑐𝑡𝑢𝑎𝑙) and potential 

(𝐸𝑇𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙). The latter can be defined as the “rate at which evapotranspiration would occur from 

a large area completely and uniformly covered with growing vegetation which has access to an 

unlimited supply of soil water, and without advection or heating effects” (Dingman 1992), whilst 

actual evapotranspiration refers to the quantity of water that is transferred to the atmosphere 

from an evaporating surface (Wiesner 1970). As recently discussed in literature (McMahon et al. 

2013), a plethora of theoretical and experimental methods exist for the estimation of both types 

of evapotranspiration; however, their use is still largely debated. The term ‘Effective Precipitation’ 

(𝐸𝑃) refers to the amount of water that is actually available to feed runoff (𝑅) and infiltration (𝐼) 

(Fandel 2012). Thus, equation  (1) can also be written as: 

𝑃 = 𝐸𝑇 + 𝐸𝑃 + 𝛥𝑆        (2) 
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where:  

𝐸𝑃 = 𝐼 + 𝑅        (3). 

For the computation of the natural water budget of the Poole Harbour Catchment, hydrological 

data were retrieved from the Meteorological Office Rainfall and Evaporation Calculation Scheme 

(MORECS) and the National River Flow Archive (NRFA). The data were processed as analysed below 

with the end goal to compute annual and seasonal values at a catchment scale.  

The MORECS scheme was introduced in late 1970s (Thompson et al 1981) for providing real-

time soil moisture deficit data and as a replacement of the previous system, the Estimated Soil 

Moisture Deficit (ESMD) bulletin. The revised and refined version of MORECS (version 2.0) is 

currently used to produce hydrological outputs on a grid square of 40 x 40 Km (Figure 6.10.a). 

Briefly, MORECS uses daily synoptic weather data to provide grid square average estimates of 

weekly and monthly hydrological values (actual evaporation, hydrologically effective rainfall and 

soil moisture deficit) under the British climatic conditions, using a comprehensive approach (Hough 

and Jones 1997). The meteorological data inputs (sunshine, temperature, vapour pressure, wind 

speed and rainfall) are obtained from 125 synoptic stations distributed across the UK (Figure 

6.10.b). Values are estimated for each grid-square, based on the objective interpolation. Input data 

are derived from the nearest, to the grid, 3 to 6 stations. Inverse distance weighting is used when 

there are less than 3 stations. Although the MORECS scheme originally assumed a single type of 

land use (grassland), the revised version assumes a diversity of surfaces, such as urban and forestry 

areas and different crops. Further details concerning the mathematical structure of the MORECS 

scheme, the processes followed to normalise or standardise station data and the assumptions 

regarding the computation of the values of the water balance of each grid square can be retrieved 

in literature (Smith et al. 2006; Hough and Jones 1997).  

In the MORECS grid matrix, the Poole Harbour Catchment is positioned between two grid 

squares, namely squares 180 and 181 (Figure 6.11.). As shown in the map, 52% of the catchment’s 

surface is within the square number 180 and the rest 48% in the square number 181. For this 

spatial pattern, a mathematical formula was introduced for the computation of the MORECS 

hydrometric parameters (rainfall, actual evapotranspiration, potential evapotranspiration, 

effective rainfall) of the Poole Harbour Catchment. At the catchment scale considered, the 

hydrometric parameters (HP) can be derived as follows.: 

𝐻𝑃@𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡 𝑠𝑐𝑎𝑙𝑒 = {(0.52 ∗ [𝑠𝑞180𝑣𝑎𝑙𝑢𝑒𝑠]) + (0.48 ∗ [𝑠𝑞181𝑣𝑎𝑙𝑢𝑒𝑠])}    (4) 

where: 

𝐻𝑃@𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡 𝑠𝑐𝑎𝑙𝑒 : hydrometric parameter computed at the catchment scale  

[𝑠𝑞180𝑣𝑎𝑙𝑢𝑒𝑠], [𝑠𝑞181𝑣𝑎𝑙𝑢𝑒𝑠]: processed data for MORECS squares 180 and 181 respectively. 
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Figure 6.10.: (a) MORECS squares in the United Kingdom, (b) the distribution of the meteorological stations 
within the MORECS grid. 

 

Figure 6.11: Poole Harbour Catchment boundaries as distributed in the MORECS grid squares. 52% of the 
catchment’s surface is within square 180 and 48% within square 181.  
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MORECS data for the grid squares 180 and 181 were provided by the Met Office, under the 

license agreement they share with the project’s industrial partner. The data were provided for the 

period 1996-2015 in weekly values for the following hydrometric parameters: rainfall, potential 

evaporation, actual evaporation, effective precipitation and soil moisture deficit. 

The MORECS data were processed for each square and the formula (4) was used for the 

computation of catchment-based values. The following procedure was followed: the sum of 

weekly values produced the annual value for each square (Annual SUM). Then, the average of the 

annual values was computed (Square Average). The Square Average values were then used for the 

computation of the catchment values, which represent the mean annual average (Annual 

Catchment Average).  

The same methodology was applied to all hydrometric parameters of the catchment, except 

for the soil moisture deficit (SMD). This is described by the change of the soil moisture and is 

assumed zero (𝛥𝑆 = 𝑆𝑀𝐷 = 0) for a hydrological year of 12 months, as described in literature 

(McMahon et al. 2013). The primary data and the computations performed are presented in the 

Appendix (APPENDIX A). The Annual Catchment Average data are presented below (Table 6.4.) in 

millimetres (mm) of rainfall. Due to the seasonal character of the hydrometric parameters and 

their influence on agricultural activities, the seasonal averages were also computed. The 

hydrological year was divided in a dry (April-September) and a wet (October-March) period. The 

computational methodology followed was identical to that formulated for the annual averages. 

Table 6.4. shows the seasonal hydrometric values of the Poole Harbour Catchment for the dry and 

the wet seasons. The cross over between calendar years results in an uneven number of values 

between the two seasons (APPENDIX A).
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Table 6.4.: Annual and Seasonal Catchment Average hydrometric parameters for the Poole Harbour Catchment. The computations are based on data retrieved from the 
MORECS scheme, for the period 1996-2015.  

Hydrometric Parameter 
Annual Catchment Average 

Period: 1996-2015 
Seasonal Catchment Averages 

Period: 1996-2015 

 (mm) 
Dry Season: April-September  

(in mm) 
Wet Season: October-March  

(in mm) 

Rainfall (𝑷) 881.6 372.2 550.5 

Potential Evapotranspiration (𝑬𝑻𝒑𝒐𝒕𝒆𝒏𝒕𝒊𝒂𝒍) 545.7 424.0 145.7 

Actual Evapotranspiration (𝑬𝑻𝒂𝒄𝒕𝒖𝒂𝒍) 501.9 302.0 141.0 

Effective Precipitation (𝑬𝑷) 379.7 70.2 409.5 
 

Table 6.5.: Annual and Seasonal mean flow and runoff for the Poole Harbour Catchment. The computations are based on data retrieved from the National Flow River Archive 
(NFRA), for the period 1996-2015.  

Mean Flow and Runoff values (period: 1996-2015) 
 Annual Dry Season (April-September) Wet Season (October-March) 

𝑄𝑎𝑛𝑛𝑢𝑎𝑙 
(m3/s) 

𝑅 (* 106 m3) 𝑄𝑠𝑒𝑎𝑠𝑜𝑛(m3/s) 𝑅(* 106 m3) 𝑄𝑠𝑒𝑎𝑠𝑜𝑛(m3/s) 𝑅(* 106 m3) 

River Frome 6.671 210.4 4.7 147.1 8.8 278.3 

River Piddle 2.474 78 1.7 54.5 3.6 112.9 

Poole Harbour Catchment: 
𝑹𝒄𝒂𝒕𝒄𝒉 

288.4 201.9 391.4 
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For a more elaborate hydrological water budget of the Poole Harbour Catchment, according to 

equations (1) and (2), the hydrometric parameter of Effective Precipitation (𝐸𝑃) was further 

analysed according to equation (3). The runoff (𝑅) was computed based on the runoff of the two 

major rivers occurring in the catchment: the Frome and the Piddle. Data for the mean annual flow 

(𝑄𝑎𝑛𝑛𝑢𝑎𝑙) of the two rivers were retrieved from the National River Flow Archive (NRFA), for the 

period 1996-2015. These data are freely available for research projects. The datasets provided are 

based on gauged data, measured in cubic meters per second (m3/s). The conversion of the flow 

data into volume of water (runoff), was based on the following mathematical formula: 

𝑅 = (𝑄𝑎𝑛𝑛𝑢𝑎𝑙) ∗ 3600 ∗ 24 ∗ 365        (5). 

The sum of the two values produced was assumed to describe the mean annual runoff of the Poole 

Harbour Catchment (Table 6.5.). Then, the catchment’s mean annual infiltration was computed 

applying equation (3). Same methodology was applied for the computation of the mean seasonal 

flow (𝑄𝑠𝑒𝑎𝑠𝑜𝑛) and seasonal runoff of the catchment for the dry (April to September) and the 

wet (October to March) periods.  

The complete hydrological budget of the Poole Harbour Catchment at both annual and seasonal 

basis is presented in Table 6.6., described in millimetres (mm) of rainfall, volume of water (m3) and 

ratio (%) of each of the hydrometric parameters compared to annual catchment precipitation. The 

volume of water (m3) is computed when multiplying the values in (mm) of rainfall with the size of 

the catchment (820Km2). Only the actual evaporation values are used to described the water 

budget.  

From the total rainfall (881.6 mm) entering the catchment, 57% evaporates. This value is slightly 

lower than the European average actual evapotranspiration rates that is equal to 60% of the total 

rainfall (McMohan et al. 2013). The rest 43% represents the mean annual effective precipitation, 

which equals to 311.4 million cubic meters (311.4 * 106 m3) of water. The mean annual runoff and 

mean annual infiltration represent nearly 93% and 7% of the mean annual effective rainfall 

respectively.  

The hydrometric parameters defer significantly at a seasonal level. For example, the actual 

evapotranspiration rate differs by nearly 55% between the values estimated for the dry (April-

September) and the wet (October-March) periods in the Poole Harbour Catchment. Further 

discussion on the seasonal variability of the catchment’s hydrology to follow (sub-section 6.3.3.).  
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Table 6.6.: The Natural Water Balance for the Poole Harbour Catchment. The computations are based on data retrieved from the MORECS scheme (Met Office) and the 
National Flow River Archive (NFRA), for the period 1996-2015. The values are presented in millimetres of rainfall (mm), volume of water (m3) and ratio (%) to the total 
precipitation.  

Natural Water Balance: Poole Harbour Catchment (period: 1996-2015) 

 𝑷 = 𝑬𝑻 + 𝑰 + 𝑹 

Annual 

Rainfall (mm) 881.6 = 501.9 + 26.6 + 353.1 

Volume (*106 m3) 723 = 411.0 + 23.6 + 288.0 

Ratio (%) 100 = 57.0 + 3.2 + 39.8 

Dry Season 
(April-September) 

Rainfall (mm) 372.2 = 302.0 + 0.0 + 70.2 

Volume (*106 m3) 305.2 = 247.6 + 0.0 + 57.6 

Ratio (%) 100 = 81.1 + 0.0 + 18.9 

Wet Season  
(October-March) 

Rainfall (mm) 550.5 = 141.0 + 53.7 + 355.3 

Volume (*106 m3) 451.0 = 115.6 + 44.0 + 391.4 

Ratio (%) 100 = 25.6 + 9.8 + 86.7 
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The Environmental Flow Requirements (EFR) for the two main rivers of the Poole Harbour 

Catchment have been computed based on the Tennant (1976) or “Montana method”, as described 

by more recent literature (Liu et al. 2016; Arthington 2012). This method solely relies on the 

recorded or estimated flow regimes for the calculation of EFR. Thus, it is a rather rapid and simple 

method which has been applied in diverse case studies, for different parts of the world (e.g. Pastor 

et al. 2014; Men et al. 2014; Arthington 2012; Kumara and Srikantaswamy 2011).  

The mathematical equations to describe the Montana method are as follows: 

𝐸𝐹𝑅 = ∑ 𝑒𝑖𝑗

12

𝑖=1

                         (6) 

𝑒𝑖𝑗 = 3600 ∗ 24 ∗ 𝑛𝑖 ∗ 𝑄𝑖 ∗ 𝑃𝑖𝑗           (7) 

where 

𝑒𝑖𝑗  is EFR in month 𝑖 at habitat quality level 𝑗 

𝑛𝑖 is the number of days in month 𝑖 

𝑄𝑖  (m3/s) is the mean daily flow in month 𝑖 

𝑃𝑖𝑗  (%) is the percentage of the mean annual flow in month 𝑖 at habitat quality level 𝑗. 

The term 𝐸𝐹𝑅𝑗 (m3) is the annual environmental flow requirement at a river fish quality level 𝑗. 

Literature (Arthington 2012; Tennant 1976) suggests a set of values (Table 6.7.) to describe the 

temporal variation in the temporal proportion of the mean annual flow to maintain different levels 

of fish-habitat conditions.  

Daily flow data over the period 1996-2015 were retrieved from the National River Flow Archive 

(NRFA) for the rivers Frome and Piddle. It was assumed that the sum of the EFR requirements of 

these two aquatic systems would represent the EFR of the Poole Harbour Catchment as a whole 

(Table 6.8.). For each of the rivers, the mean monthly flow (𝑄𝑚𝑜𝑛𝑡ℎ𝑙𝑦 )(m3/s) was estimated 

based on the gauged daily flow values. Then, the monthly EFR values were computed for two 

different habitat quality levels 𝑗: optimum (𝑃𝑖𝑗 = 0.8) and good (𝑃𝑖𝑗 = 0.2 for the wet period and 

𝑃𝑖𝑗 = 0.4 for the dry period). The annual EFR equals to the sum of the monthly EFR values. The 

average of the annual values for the period 1996-2015 describes the EFR of each of the rivers in 

the Poole Harbour Catchment. The mean monthly flow and EFR values computed for the Frome 

and Piddle rivers can be accessed in the Appendix (APPENDIX A).  
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Table 6.7.: Temporal variation in the range of proportions of the mean flow that must be allocated to maintain various levels of habitat quality. Adapted from Liu et al. 2016. 
Based on Tennant (1976) and Arthington (2012). 

Flow category or habitat quality Recommended Flow (% of mean flow) 

 October to March April to September 

Maximum 200 200 

Optimum 60-100 60-100 

Outstanding 40 60 

Excellent 30 50 

Good 20 40 

Moderately degraded 10 30 

Highly to severely degraded ≤10 ≤10 
 

Table 6.8.: Annual Environmental Flow Requirements (EFR, m3) of the Poole Harbour Catchment. The calculations are based on the Montana method and the data have 
been retrieved from the National River Flow Archive, for the period 1996-2015. It is assumed that the sum of the EFR of the two main river systems represent the catchment’s 
annual EFR. The EFR were estimated for two habitat quality levels 𝑗: Optimum and Good.  

Environmental Flow Requirements (EFR) 
Period: 1996-2015 

 EFR (m3) 

 𝒋= Good 𝒋= Optimum 

River Frome 57 * 106 17 * 107 

River Piddle 1.8 * 106 6.4 * 107 

Poole Harbour Catchment 58.8 * 106 23.4 * 107 
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The computation of the hydrological balance and of the environmental flow requirements of 

the Poole Harbour Catchment enable the analysis of the internal structure of the natural water 

environment and the processes among its “sectors”: atmosphere, pedosphere, lithosphere and 

hydrosphere. The results of this hydrological analysis provide the basis to compute the outputs of 

the actor ‘ecosystem’ to the other actors of the catchment. The Green Water Availability 

(𝑊𝐴𝑔𝑟𝑒𝑒𝑛) and the Blue Water Availability (𝑊𝐴𝑏𝑙𝑢𝑒) were computed, as introduced by the Water 

Footprint Assessment methodology (Table 6.1.) The selection of these metrics is driven from a 

number of methodological reasons. Firstly, their structure is transparent, enabling their 

reproduction. They are also spatially explicit for catchment areas, while their components are 

relevant to hydrological figures, such as actual evapotranspiration and runoff. Further, they have 

been used in literature as a basis for the creation of other indicators assessing water scarcity in a 

holistic approach (e.g. Liu et al. 2016). The computation of the latter to follow (sub-section 6.4.).  

The Green Water Availability 𝑊𝐴𝑔𝑟𝑒𝑒𝑛is computed at a catchment scale according to the 

formula: 

𝑊𝐴𝑔𝑟𝑒𝑒𝑛 =  𝐸𝑇𝑔𝑟𝑒𝑒𝑛 − 𝐸𝑇𝑒𝑛v − 𝐸𝑇𝑢𝑛𝑝𝑟𝑜𝑑              (8) 

For the computation of the 𝑊𝐴𝑔𝑟𝑒𝑒𝑛 of the Poole Harbour Catchment at an annual rate, the 

following assumptions were made: 

𝐸𝑇𝑔𝑟𝑒𝑒𝑛 =   𝐸𝑇𝑎𝑐𝑡𝑢𝑎𝑙  

𝐸𝑇𝑒𝑛𝑣 = 30% ∗ 𝐸𝑇𝑎𝑐𝑡𝑢𝑎𝑙  

𝐸𝑇𝑢𝑛𝑝𝑟𝑜𝑑 = 𝐸𝑇𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙  −  𝐸𝑇𝑎𝑐𝑡𝑢𝑎𝑙 . 

Thus, (8) is re-written as: 

𝑊𝐴𝑔𝑟𝑒𝑒𝑛 =  𝐸𝑇𝑎𝑐𝑡𝑢𝑎𝑙 − (0.3 ∗  𝐸𝑇𝑎𝑐𝑡𝑢𝑎𝑙 ) − (𝐸𝑇𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 − 𝐸𝑇𝑎𝑐𝑡𝑢𝑎𝑙 )   (9) . 

The annual 𝑊𝐴𝑔𝑟𝑒𝑒𝑛of the Poole Harbour Catchment is computed based on the hydrological 

figures provided (Table 6.2.; Table 6.4.; Table 6.5.) equal to 𝑾𝑨𝒈𝒓𝒆𝒆𝒏 = 𝟐𝟓𝟏. 𝟓 ∗  𝟏𝟎𝟔 𝒎𝟑/𝒚𝒆𝒂𝒓.  

The Blue Water Availability 𝑊𝐴𝑏𝑙𝑢𝑒is computed at a catchment scale, for habitat quality level 

𝑗, according to the formula: 

𝑊𝐴𝑏𝑙𝑢𝑒 =  𝑅𝑛𝑎𝑡 − 𝐸𝐹𝑅𝑗            (10). 

For the Poole Harbour Catchment, (10) needs to be amended to include the water volume 

transferred from and to other catchments (𝑇𝑅𝑖𝑛  and 𝑇𝑅𝑜𝑢𝑡 respectively), as depicted in the water 

resources analysis map (Figure 6.9.). Thus, (10) is re-written as: 

𝑊𝐴𝑏𝑙𝑢𝑒 =  𝑅𝑛𝑎𝑡 − 𝐸𝐹𝑅𝑗 +  𝑇𝑅𝑖𝑛 −  𝑇𝑅𝑜𝑢𝑡     (11). 

According to the figures provided from the industrial partner, the annual volume of water 

transferred to and from the catchment is equal to 𝑇𝑅𝑖𝑛 = 1.6 ∗ 106 𝑚3 and 𝑇𝑅𝑜𝑢𝑡 = 5.2 ∗
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106 𝑚3 respectively. The computation of the annual 𝑊𝐴𝑏𝑙𝑢𝑒 is based on the hydrological and 

environmental figures provided (Table 6.5.; Table 6.7) and is performed for two habitat quality 

levels.  

The annual 𝑊𝐴𝑏𝑙𝑢𝑒 of the Poole Harbour Catchment, to maintain the optimal habitat quality, is 

equal to 𝑾𝑨𝒃𝒍𝒖𝒆/𝒐𝒑𝒕𝒊𝒎𝒂𝒍 =  𝟒𝟕. 𝟐 ∗ 𝟏𝟎𝟔 𝒎𝟑/𝒚𝒆𝒂𝒓. The annual 𝑊𝐴𝑏𝑙𝑢𝑒 of the Poole Harbour 

Catchment, to maintain good habitat quality, is equal to𝑾𝑨𝒃𝒍𝒖𝒆/𝒈𝒐𝒐𝒅 =  𝟐𝟐𝟐. 𝟒 ∗ 𝟏𝟎𝟔 𝒎𝟑/𝒚𝒆𝒂𝒓.  

6.3.2. Actor: Water Company  

Recent advancements and additions in the Water Footprint Assessment methodology (Hoekstra 

et al. 2011) for its application to the urban water cycle (Morera et al. 2016; Manzardo et al. 2016) 

were used for the formulation of the inventory of the actor ‘Water Company’. The methodology 

created was aimed at the computation of the total water footprint of the urban water cycle 

(𝑊𝐹𝑢𝑟𝑏𝑎𝑛,𝑐𝑎𝑡𝑐ℎ) occurring in the delineated area of the Poole Harbour Catchment.  

A number of assumptions were made for the formulation of the methodology: the abstraction 

of surface or groundwater is part of the water treatment asset system; the contribution of the 

sector of distribution (for both water and wastewater) is considered negligible to the 

𝑊𝐹𝑢𝑟𝑏𝑎𝑛,𝑐𝑎𝑡𝑐ℎ; the total number of Water Treatment Plants (WTPs) and Wastewater Treatment 

Plants (WWTPs) is equal to 18 and 23 respectively; all WTPs and WWTPs include a nitrogen removal 

process; the efficiency of the asset systems (WTP, WWTP) selected as examples are representative 

of the average efficiency of the total of asset systems located in the Poole Harbour Catchment.  

The following equation presents the rationale of the methodology formulated: 

𝑊𝐹𝑢𝑟𝑏𝑎𝑛,𝑐𝑎𝑡𝑐ℎ = 𝑊𝐹𝑊𝑇𝑃,𝑐𝑎𝑡𝑐ℎ + 𝑊𝐹𝑊𝑊𝑇𝑃,𝑐𝑎𝑡𝑐ℎ

= {∑ ∑ 𝑊𝐹𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙

𝑘

𝑗=1

𝑥

𝑖=1

+ ∑ ∑ 𝑊𝐹𝑊𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙

𝑙

𝑦=1

𝑥

𝑖=1

 }

=  {∑ ∑[𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒 + 𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑦]

𝑘

𝑗=1

𝑥

𝑖=1

+ ∑ ∑[𝑊𝐹𝑊𝑊𝑇𝑃,𝑏𝑙𝑢𝑒 + 𝑊𝐹𝑊𝑊𝑇𝑃,𝑔𝑟𝑒𝑦]

𝑙

𝑦=1

𝑥

𝑖=1

} [𝑣𝑜𝑙𝑢𝑚𝑒 / 𝑡𝑖𝑚𝑒] (12) 
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where: 

𝑊𝐹𝑢𝑟𝑏𝑎𝑛,𝑐𝑎𝑡𝑐ℎ is the total water footprint of the urban water cycle at a catchment scale  

𝑊𝐹𝑊𝑇𝑃,𝑐𝑎𝑡𝑐ℎ is the sum of the total water footprint of all the water treatment plants of a 

catchment 

𝑊𝐹𝑊𝑊𝑇𝑃,𝑐𝑎𝑡𝑐ℎ is the sum of the total water footprint of all the wastewater treatment plants of a 

catchment 

𝑥 is the period considered for the computation, in months 

𝑘 is the total number of water treatment plants located in a given catchment 

𝑙 is the total number of wastewater treatment plants located in a given catchment.  

For the computation of the 𝑊𝐹𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙 and its components (𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒 , 𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑦), a WTP 

located within the delineated geographical boundaries of the Poole Harbour catchment, the 

Clarendon WTP, was selected as an example infrastructure asset system for the performance of 

the computations regarding the WTPs of the catchment. Its selection was driven by methodological 

purposes: the treatment processes of the plant include nitrogen-removal and data on water, 

energy and chemical use were available from the project’s industrial partner for a timescale of five 

consecutive years (2010-1015).  

The Clarendon WTP is located in Salisbury (UK) and treats 11,000 m3 per day which is then 

discharged into the Cockey Down reservoir before being abstracted for distribution. The WTP is 

designed to serve a population of 34,000 people and contains a facility for removing organic matter 

and nitrogen from ‘raw’ (fresh) water. This is of particular importance for the Poole Harbour 

Catchment, where the extensive agricultural activities affect the quality of the groundwater by 

introducing a large number of nitrates to the aquifer systems, through the natural processes of 

percolation and infiltration. The Clarendon WTP operates three main chemical processes (Figure 

6.12.): (i) Granular Activated Carbon (GAC) for the removal of chemicals relating to the odour and 

taste of water and of pesticides, (ii) Ion Exchange (IEX) for nitrate removal and (iii) Chlorine 

Disinfection (SDF) where chlorine (Cl2) is injected in the water in order to deactivate present 

microorganisms. The WTP only treats groundwater abstracted from two boreholes, Borehole 1 and 

2, which produce an average daily flow of 7,000 m3 and 4,000 m3 respectively. The data presented 

in this section were obtained by the industrial partner of the project (Wessex Water Services 

Limited) during a site visit conducted in May 2016).  
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Figure 6.12.: Schematic representation of the Clarendon Water Treatment Plant, located in Salisbury, UK. The 
main chemical processes operating in the plant are depicted. The dotted arrows represent processes carried 
out periodically. Solid lines represent continuous processes. GAC stands for Granular Activated Carbon and IEX 
stands for Ion Exchange.  

The methodology created for the computation of the 𝑊𝐹𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙 includes the computation of 

the blue (𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒 , ) and the grey 𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑦 ) 𝑤ater footprint of the operation phase of the 

WTP. Further, the WTP is assumed as closed system where no water evaporation takes place. 

Hence, the green water footprint (𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑒𝑛) of the WTP is not computed as part of the 

methodology. Same approach has been followed in recent literature (Morera et al. 2016; 

Manzardo et al. 2016) which states that the green water footprint is limited in urban areas and the 

contribution of soil (‘green’) water to the total volume of water abstracted for the urban water 

cycle is negligible. Thus, the total water footprint of the WTP during its operation phase over a 

certain time period calculated based on the equation : 

𝑊𝐹𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙 =  𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒 +  𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑦          [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒]   (13). 

The components of equation (13) are expressed as volume of water per time unit. 

Computations were originally performed for monthly values (30 days) and then aggregated to 

annual values. The latter stage is necessary for the computation of annual environmental outputs 

which will feed into the Catchment PIOT.  

For the computation of the 𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒, the definition of blue water footprint as described by 

Morera et al. (2016) is followed. This is a simplified version of the original definition of blue water 
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footprint as defined by Hoekstra et al. (2011). Thus, 𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒 is computed according to the 

equation: 

𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒 =  𝐵𝑙𝑢𝑒𝑊𝑎𝑡𝑒𝑟𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 +  𝐿𝑜𝑠𝑡𝑅𝑒𝑡𝑢𝑟𝑛𝐹𝑙𝑜𝑤           [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒] (14) 

where: 

𝐵𝑙𝑢𝑒𝑊𝑎𝑡𝑒𝑟𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 is the blue water incorporate in the production of chemicals 

(𝑊𝐹𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑠) and energy (𝑊𝐹𝑒𝑛𝑒𝑟𝑔𝑦): 

𝐵𝑙𝑢𝑒𝑊𝑎𝑡𝑒𝑟𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 =  𝑊𝐹𝑒𝑛𝑒𝑟𝑔𝑦 + 𝑊𝐹𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑠    [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒] (15) 

𝐿𝑜𝑠𝑡𝑅𝑒𝑡𝑢𝑟𝑛𝐹𝑙𝑜𝑤 is the blue water not available for reuse, due to water not returning to the same 

catchment. It is equal to the difference between the volume of water treated (𝑄𝑜𝑢𝑡) and the 

volume of water abstracted by the groundwater resources (𝑄𝑖𝑛): 

𝐿𝑜𝑠𝑡𝑅𝑒𝑡𝑢𝑟𝑛𝐹𝑙𝑜𝑤 =  𝑄𝑜𝑢𝑡 − 𝑄𝑖𝑛    [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒] (16). 

It was assumed that there were no water loses during the water treatment process, hence: 𝑄𝑜𝑢𝑡 =

𝑄𝑖𝑛 and 𝐿𝑜𝑠𝑡𝑅𝑒𝑡𝑢𝑟𝑛𝐹𝑙𝑜𝑤 = 0.  

Due to the absence of literature on the computations of WFenergy and WFchemicals using the 

Water Footprint Assessment (WFA) methodology, these figures were computed based on the Life 

Cycle Assessment (LCA) approach. The LCA software SimaPro was utilised for the performance of 

the computations. The system boundaries were defined as the operational phase of the Clarendon 

WTP and the functional unit selected was that of one cubic meter of water (1m3). Table 6.9. 

summarises the input data for the LCA computations.  

The combined use of the equations proposed by Hoekstra et al. (2011) and Morera et al. (2016) 

served for the computation of the 𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑦. According to Hoekstra et al. (2011), the grey water 

footprint (𝑊𝐹𝑔𝑟𝑒𝑦) is computed as follows: 

𝑊𝐹𝑔𝑟𝑒𝑦 =
𝐿

𝐶𝑚𝑎𝑥−𝐶𝑛𝑎𝑡
    [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒] (17) 

where: 

𝐿 is the pollutant load 

𝐶𝑚𝑎𝑥 is the maximum acceptable concentration for the receiving body 

𝐶𝑛𝑎𝑡 is the natural concentration of the pollutant in the receiving body.  

The equation introduced by Morera et al. (2016) follows the original 𝑊𝐹𝑔𝑟𝑒𝑦  calculation and is 

modified for a built asset system (infrastructure, wastewater treatment plant, WWTP). It is based 

on a mass balance at the discharge point. It considers that the grey water footprint is the minimum 

volume of water required to dilute the pollutant concentration from the WWTP effluent 
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concentration to the maximum pollutant concentration allowed in water bodies. The mass balance 

of pollutants at the discharge point and the grey water footprint based on the mass balance of 

pollutants (𝑊𝐹𝑊𝑊𝑇𝑃,𝑔𝑟𝑒𝑦) are calculated as follows: 

𝑄𝑒 ∗ 𝑐𝑒(𝑝)
+ 𝑊𝐹𝑔𝑟𝑒𝑦 ∗ 𝑐𝑛𝑎𝑡(𝑝)

= (𝑄𝑒 + 𝑊𝐹𝑔𝑟𝑒𝑦(𝑝)
) ∗ 𝑐𝑚𝑎𝑥(𝑝)

           (18) 

𝑊𝐹𝑔𝑟𝑒𝑦,𝑢𝑟𝑏𝑎𝑛 = max [𝑊𝐹𝑔𝑟𝑒𝑦(𝑝)
] = max {

[𝑄𝑒 ∗ (𝑐𝑒(𝑝)
− 𝑐𝑚𝑎𝑥(𝑝)

)]

𝑐𝑚𝑎𝑥(𝑝)
− 𝑐𝑛𝑎𝑡(𝑝)

}   [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒] (19) 

where: 

𝑄𝑒 is the effluent rate (volume/time) 

𝑐𝑒(𝑝)
 is the concentration of a pollutant 𝑝 in the effluent (mass/time) 

𝑐𝑚𝑎𝑥(𝑝)
 is the maximum concentration of pollutant 𝑝 permitted in the receiving water body  

𝑐𝑛𝑎𝑡(𝑝)
 is the natural concentration of a pollutant 𝑝 in the receiving water body. 

For the Clarendon WTP equation (19) is re-written as follows: 

𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑦 = 
𝑄𝑖𝑛𝑙𝑒𝑡∗(𝑐𝑖𝑛𝑙𝑒𝑡(𝑇𝑁)

−𝑐𝑚𝑎𝑥(𝑇𝑁)
)

𝑐𝑚𝑎𝑥(𝑇𝑁)
−𝑐𝑛𝑎𝑡(𝑇𝑁)

   [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒]  (20) 

where: 
𝑄𝑖𝑛𝑙𝑒𝑡 is the sum of the water volume entering the Clarendon WTP from boreholes 1 and 2 

𝑐𝑖𝑛𝑙𝑒𝑡(𝑇𝑁)
 is the concentration of the inlet water in total nitrogen (TN)  

𝑐𝑚𝑎𝑥(𝑇𝑁)
 is the maximum concentration of total nitrogen (TN) allowed in the Cockey Down 

reservoir according to legislative standards 

𝑐𝑛𝑎𝑡(𝑇𝑁)
 is the natural concentration of the Cockey Down reservoir in total nitrogen (TN).  

The methodology formulated and presented for the computation of the 𝑊𝐹𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙 applies to 

other built asset systems, such as wastewater treatment plants (WWTPs) for the computation of 

the 𝑊𝐹𝑊𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙. Nonetheless, for the research undertaken, computations for a selected WWTP 

(Poole WWTP) were not performed due to time limitations. Instead, data from literature (Morera 

et al. 2016) were used. It was assumed that the Poole WWTP includes the same processes -

including nitrogen removal- and operates in the same efficiency as the WWTP described in the 

aforementioned literature. To account for the different sizes of the WWTPs, the figures provided 

in literature were adjusted in analogy to the population served and volume of wastewater treated. 

The figures produced are underpinned by a consistent methodology throughout the section 

relating to the urban water cycle.  
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Table 6.10. summarises the data used for the computations of the individual components of 

𝑊𝐹𝑢𝑟𝑏𝑎𝑛,𝑐𝑎𝑡𝑐ℎ. The annual, total water footprint of the urban water cycle (m3/year) of the Poole 

Harbour Catchment is computed according to equation (13) as follows: 

𝑊𝐹𝑢𝑟𝑏𝑎𝑛,𝑐𝑎𝑡𝑐ℎ = 𝑊𝐹𝑊𝑇𝑃,𝑐𝑎𝑡𝑐ℎ + 𝑊𝐹𝑊𝑊𝑇𝑃,𝑐𝑎𝑡𝑐ℎ

= {∑ ∑ 𝑊𝐹𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙

18

𝑗=1

12

𝑖=1

+ ∑ ∑ 𝑊𝐹𝑊𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙

23

𝑦=1

12

𝑖=1

 }

=  {∑ ∑[𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒 + 𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑦]

23

𝑗=1

12

𝑖=1

+ ∑ ∑[𝑊𝐹𝑊𝑊𝑇𝑃,𝑏𝑙𝑢𝑒 + 𝑊𝐹𝑊𝑊𝑇𝑃,𝑔𝑟𝑒𝑦]

23

𝑦=1

12

𝑖=1

} = 1.55 ∗ 108 𝑚3/𝑦𝑒𝑎𝑟. 

The outputs produced for the Catchment PIOT assume total outputs from all the assets involved 

in the urban water cycle of the Poole Harbour Catchment.  
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Table 6.9.: Data inputs for the computation of the blue (𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒) and the grey (𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑦) components of the 𝑊𝐹𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙.  

Data input for the computation of the 𝑾𝑭𝑾𝑻𝑷,𝒃𝒍𝒖𝒆 Unit Arithmetic Figures 

Energy Consumption KWh/m3 0.458 

Coal (GAC treatment) Kg/m3 0.00262 

Sodium Chloride (N-removal) Kg/m3 0.0243 

Chlorine Gas (Cl-disinfection) Kg/m3 0.00039 

Data or the computation of the 𝑾𝑭𝑾𝑻𝑷,𝒈𝒓𝒆𝒚 Unit Figures 

Qin BH1 [volume of water] m3/month 21,000 

Qin BH2 [volume of water] m3/month 12,000 

Cinlet [total N] gr/m3 7.4 

Cnat [total N] gr/m3 0.0 

Cmax [total N] gr/m3 50.0 
 

Table 6.10.: Arithmetic Figures of the Water Footprints of the Urban Water Cycle (actor: Water Company) at a catchment scale.  
Type of Water Footprint Unit Arithmetic Figures 

𝑊𝐹𝑊𝑇𝑃,𝑏𝑙𝑢𝑒  m3/month 8.00 * 104 

𝑊𝐹𝑊𝑇𝑃,𝑔𝑟𝑒𝑦  m3/month -2.81 * 105 

𝑊𝐹𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙  m3/year -2.41 * 106 

𝑾𝑭𝑾𝑻𝑷,𝒄𝒂𝒕𝒄𝒉 m3/year -4.34 * 107 

𝑊𝐹𝑊𝑊𝑇𝑃,𝑏𝑙𝑢𝑒  m3/month 1.80 * 105 

𝑊𝐹𝑊𝑊𝑇𝑃,𝑔𝑟𝑒𝑦  m3/month 5.39 * 105 

𝑊𝐹𝑊𝑊𝑇𝑃,𝑡𝑜𝑡𝑎𝑙  m3/year 8.63 * 106 

𝑾𝑭𝑾𝑾𝑻𝑷,𝒄𝒂𝒕𝒄𝒉 m3/year 1.99 * 108 

𝑾𝑭𝒖𝒓𝒃𝒂𝒏,𝒄𝒂𝒕𝒄𝒉 m3/year 1.55 * 108 
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6.3.3. Actor: Agriculture  

The Water Footprint Assessment methodology (Hoekstra et al. 2011) was used to formulate the 

water inventory of the actor ‘Agriculture’. This involved the estimation of water volumes 

consumed from the two sectors of this actor: crop cultivation and livestock production. Due to 

time and data constraints, a number of assumptions were made for the computations performed, 

based on literature or expert input from the project’s partner. 

For the crop cultivation sector, the total water footprint of the sector (𝑊𝐹𝑝𝑟𝑜𝑐,𝑐𝑟𝑜𝑝) was 

computed. This would be equal to the sum of water footprint of all the relevant sectors and their 

processes occurring in the sector; thus, the sum of the water footprints of the sectors of Irrigation, 

Harvesting and Fertilising. However, for the needs of the research undertaken, it was assumed that 

the total water footprint of the sector ‘crop cultivation’ is equal to the components of the water 

footprints of the selected processes of the sectors of Irrigation and Fertilising. Due to data and 

time limitations, the water footprint of the sector ‘Harvest’ – which would include the total water 

incorporated into the harvested crops- was not computed. For the sector ‘Irrigation’ the processes 

of water storage and water transportation were not included in the computations. For the sector 

‘Fertilising’ the grey water footprint alone was computed. Computations did not include the 

production and transportation phases of the fertilisers, assuming they take place outside of the 

catchment boundaries.  

Thus, the following equation describes the rationale followed for the computation of the total 

water footprint of the activity ‘crop cultivation’ (as the sum of the previously analysed processes 

of the sectors Irrigation and Fertilising), 𝑊𝐹𝑐𝑟𝑜𝑝,𝑡𝑜𝑡𝑎𝑙: 

𝑊𝐹𝑐𝑟𝑜𝑝,𝑡𝑜𝑡𝑎𝑙 = 𝑊𝐹𝑐𝑟𝑜𝑝,𝑝𝑟𝑜𝑐,𝑏𝑙𝑢𝑒 + 𝑊𝐹𝑐𝑟𝑜𝑝,𝑝𝑟𝑜𝑐,𝑔𝑟𝑒𝑒𝑛 + 𝑊𝐹𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑦    [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒] (21). 

The blue (𝑊𝐹𝑐𝑟𝑜𝑝,𝑝𝑟𝑜𝑐,𝑏𝑙𝑢𝑒) and then green (𝑊𝐹𝑐𝑟𝑜𝑝,𝑝𝑟𝑜𝑐,𝑔𝑟𝑒𝑒𝑛) components of the total water 

footprint were computed according to the following equations respectively: 

𝑊𝐹𝑐𝑟𝑜𝑝,𝑝𝑟𝑜𝑐,𝑏𝑙𝑢𝑒 =      
𝐶𝑊𝑈𝑏𝑙𝑢𝑒

𝑌
      [𝑣𝑜𝑙𝑢𝑚𝑒 / 𝑚𝑎𝑠𝑠]  (22) 

𝑊𝐹𝑐𝑟𝑜𝑝,𝑝𝑟𝑜𝑐,𝑔𝑟𝑒𝑒𝑛 =      
𝐶𝑊𝑈𝑔𝑟𝑒𝑒𝑛

𝑌
      [𝑣𝑜𝑙𝑢𝑚𝑒 / 𝑚𝑎𝑠𝑠]     (23) 

where 

𝐶𝑊𝑈 is the crop water use (for blue and green water respectively) in 𝑚3/ℎ𝑎 

𝑌 is the crop yield in 𝑡𝑛/ℎ𝑎. 
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The blue and the green components of the crop water use (𝐶𝑊𝑈) were calculated by the 

accumulation of daily evapotranspiration over the complete length of the growing period (lgp) of 

the individual crop: 

𝐶𝑊𝑈𝑔𝑟𝑒𝑒𝑛 = 10𝑥 ∑ 𝐸𝑇𝑔𝑟𝑒𝑒𝑛
𝑙𝑔𝑝
𝑑=1   [𝑣𝑜𝑙𝑢𝑚𝑒 / 𝑎𝑟𝑒𝑎] (24) 

𝐶𝑊𝑈𝑏𝑙𝑢𝑒 = 10𝑥 ∑ 𝐸𝑇𝑏𝑙𝑢𝑒
𝑙𝑔𝑝
𝑑=1    [𝑣𝑜𝑙𝑢𝑚𝑒 / 𝑎𝑟𝑒𝑎] (25) 

where: 

𝐸𝑇𝑔𝑟𝑒𝑒𝑛, 𝐸𝑇𝑏𝑙u𝑒 the green and the blue evapotranspiration respectively.  

In equations (24) and (25), the factor 10 is used to convert water depths in millimetres into 

water volumes per land surface in
 𝑚3

ℎ𝑎
. The ‘green’ crop water use represents the total rainwater 

evaporated from the field during the growing period; the ‘blue’ crop water use represents the total 

irrigation water evaporated from the field. The green and the blue water use during crop growth 

for the crops cultivated in the Poole Harbour Catchment were computed using the CROPWAT 

model (version 8.0; FAO 2010a). The CROPWAT model offers two different options to compute 

evapotranspiration: the ‘crop water requirements’ (CWR-assuming optimal growth conditions) 

and the ‘irrigation schedule option’. For the case study presented, the latter option was selected, 

as a more accurate approach recommended by Hoekstra et al. (2011). The irrigation requirements 

(mm of water /growing period) were assumed to represent the 𝐸𝑇𝑐, 𝑏𝑙𝑢𝑒. The component 

𝐸𝑇𝑐, 𝑔𝑟𝑒𝑒𝑛 was computed as the difference between the total evapotranspiration of the crop 

minus its irrigation requirements: 𝐸𝑇𝑐, 𝑔𝑟𝑒𝑒𝑛 = 𝐸𝑇𝑐, 𝑐𝑟𝑜𝑝 − 𝐸𝑇𝑐, 𝑏𝑙𝑢𝑒 (26). Details on the 

model structure and methods of the CROPWAT model and a comprehensive manual for its use can 

be found online (FAO 2010a) and in the Water Footprint Assessment manual (Hoekstra et al. 2011).  

For the performance of the 𝐸𝑇𝑐 computations for each of the crops cultivated in the Poole 

Harbour Catchment (wheat, barley, maize, oilseed rape), data from the CLIMWAT database 

(version 2.0, FAO 2010b) were inputted in the CROPWAT model. The winter variations of wheat 

and oilseed rape were also included in the computations, as these crops are identified in literature 

(NRS report, EA, 2013) as the winter cover crops mainly cultivated in the Poole Harbour Catchment. 

The input of MORECS catchment data in the CROPWAT model was not possible due to format 

issues. CLIMWAT data from two meteorological stations located nearby the delineated area of the 

Poole Harbour Catchment were used, namely Exeter and Bournemouth, which belong to the 

MORECS squares 180 and 181 respectively. The catchment values were computed according to the 

equation (4) as introduced earlier. The length of growing periods of each of the crops included in 

the computations were inputted manually, based on available literature (Figure 6.13). The 
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aggregated 𝐸𝑇𝑐 computations for the main crops of the Poole Harbour Catchment are presented 

in Table 6.11. The detailed analysis of the data as produced by the CROPWAT model is presented 

in APPENDIX B.  

For each of the crop types, 𝐸𝑇𝑐 (𝐸𝑇𝑏𝑙𝑢𝑒 and 𝐸𝑇𝑔𝑟𝑒𝑒𝑛) were computed for both stations 

(Exeter and Bournemouth). Then, the arithmetic figures were aggregated at a catchment scale. 

The catchment values were then used to compute the blue (𝐶𝑊𝑈𝑏𝑙𝑢𝑒) and green (𝐶𝑊𝑈𝑔𝑟𝑒𝑒𝑛) 

water use and the blue (𝑊𝐹𝑝𝑟𝑜𝑐,𝑐𝑟𝑜𝑝,𝑏𝑙𝑢𝑒) and the green (𝑊𝐹𝑝𝑟𝑜𝑐,𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑒𝑛) water footprints of 

each crop type. Due to the lack of catchment-specific data for crop yields, it was assumed that the 

UK average yield data – retrieved from DEFRA National Statistics (2015) and Nix (2015)- apply to 

the Poole Harbour Catchment. Then, the annual catchment yield (tn) of each of the crops was 

computed by multiplying their land cover (ha) with the average crop yield (tn/ha). The total (blue 

and green) water consumed per crop type at a catchment scale on an annual basis is then 

computed by multiplying the water footprint values with the catchment annual yield.  

 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Winter Wheat                                                                         

Spring Wheat                                                                         

Winter Barley                                                                         

Spring Barley                                                                         

Winter Oilseed Rape                                                                         

Spring Oilseed Rape                                                                         

Winter Oats                                                                         

Spring Oats                                                                         

Winter Peas                                                                         

Spring Peas                                                                         

Beans                                                                         

Winter Linseed                                                                         

Spring Linseed                                                                         

Sugar beet                                                                         

Potatoes                                                                         

Maize                                                                         

Lupins                                                                         

      Planting 

      Harvest 

Figure 6.13.: Crop calendar for main UK crops. Abstracted from www.criddle.co.uk. Visited on 1st of August 
2016.  
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The grey component of the water footprint of the process of ‘growing a crop’, 𝑊𝐹𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑦, was 

based on the method introduced from Hoekstra et al. (2011). According to their approach, the 

𝑊𝐹𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑦 is computed as follows: 

𝑊𝐹𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑦 =
(𝑎𝑥𝐴𝑅)/(𝑐𝑚𝑎𝑥 − 𝑐𝑛𝑎𝑡)

𝑌
     [𝑣𝑜𝑙𝑢𝑚𝑒/𝑚𝑎𝑠𝑠] (27) 

where: 

𝑎 is the leaching run-off fraction (%) 

𝐴𝑅 is the chemical application rate to the field (𝑘𝑔/ℎ𝑎) 

𝑐𝑚𝑎𝑥 is the maximum acceptable concentration in water bodies (𝑚𝑔/𝑙) for the pollutant 

considered 

𝑐𝑛𝑎𝑡 is the natural concentration for the pollutant considered (𝑚𝑔/𝑙) 

𝑌 is the crop yield (𝑡𝑜𝑛/ℎ𝑎).  

For each of the crops cultivated in the Poole Harbour Catchment, the grey components of the 

water footprint of the process of growing a crop, 𝑊𝐹𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑦, was computed, making use of 

diverse data sources (Table 6.12.; Table 6.13.). Those included literature (e.g. Mekonnen and 

Hoekstra 2015; Nix 2015; Hoekstra et al. 2011), past studies (EA and WFN 2014; EA, 2013), online 

sources and expert input from agronomists working with the project’s industrial partner. The 

experts mainly advised on the performance of measures implemented for the reduction of total 

nitrogen in the Poole Harbour catchment and the formulation of assumptions regarding chemical 

application and leaching run-off rates.  

For the sector ‘livestock’, an aggregated water footprint approach was followed, due to data 

limitations. The blue and the green water footprints of the sector ‘livestock’ were not computed. 

The grey component of the water footprint of the sector, 𝑊𝐹𝑙𝑖𝑣𝑒,𝑔𝑟𝑒𝑦, was calculated as the 

difference between the water footprint of the sector ‘growing a crop’ from the total water 

footprint of the stakeholder ‘agriculture’ which stands for the total nitrogen load (tn/year) from 

diffuse sources polluting the Poole Harbour. Data were retrieved from previous studies (NRS, EA, 

2013), describing both the current status of the catchment/harbour and future environmental 

goals (Table 6.12.).  

For the calculation of the grey water footprint of the stakeholder ‘agriculture’, 𝑊𝐹𝑎𝑔𝑟𝑖,𝑔𝑟𝑒𝑦, a 

simplified version of the grey water footprint was applied, based on Hoekstra et al. (2011): 

𝑊𝐹𝑎𝑔𝑟𝑖,𝑔𝑟𝑒𝑦 =
𝐿

𝑐𝑚𝑎𝑥 − 𝑐𝑛𝑎𝑡
  [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒]   (28) 

 



 
138 

where: 

𝐿 the load of total N in the Poole Harbour (𝑘𝑔) 

𝑐𝑚𝑎𝑥 the maximum acceptable concentration of total N in the harbour (𝑚𝑔/𝑙)  

𝑐𝑛𝑎𝑡 is the natural concentration of total N in the harbour (𝑚𝑔/𝑙).  

Consequently, the grey water footprint of the sector ‘livestock’, 𝑊𝐹𝑙𝑖𝑣𝑒,𝑔𝑟𝑒𝑦, was computed as 

follows: 

𝑊𝐹𝑙𝑖𝑣𝑒,𝑔𝑟𝑒𝑦 = 𝑊𝐹𝑎𝑔𝑟𝑖,𝑔𝑟𝑒𝑦 − 𝑊𝐹𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑦    [𝑣𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒] (29). 
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Table 6.11: CROPWAT model results for the crops located in the Poole Harbour Catchment. Stations Exeter (EXE) and Bournemouth (BOU) were assumed to represent 
MORECS squares 180 and 181 respectively.  

Crop Water Use and Blue & Green Water Footprints in the Poole Harbour Catchment 

Crop type 
ETblue 
(mm) 

ETc,catch,blue 

(mm) 
ETgreen 
(mm) 

ETc,catch,green 

(mm) 
CWUblue,catch 

(m3/ha) 
WFc,blue 
(m3/tn) 

CWUgreen,catch 

(m3/ha) 
WFc,green 

 EXE BOU catchment EXE BOU catchment catchment catchment catchment catchment 

Spring Wheat 196.5 117.2 158.4 175.7 163.0 169.6 1584.4 176.0 1696.0 188.4 

Barley 192.5 108.7 152.3 172.6 161.7 167.4 1522.8 220.7 1674.0 242.6 

Maize 251.6 1559.1 207.2 172.4 162.5 167.6 2072.0 276.3 1676.0 223.5 

Spring Oilseed rape 167.8 97.3 134.0 153.1 147.6 150.5 1339.6 343.5 1505.0 385.8 

Winter Wheat 363.5 235 301.8 351.9 306.9 330.3 3018.2 335.4 3303.0 367.0 

Winter Oilseed rape 44.9 10.8 28.5 167.2 147.9 157.9 285.3 73.2 1579.0 405.0 

Table 6.12: Yield data from (a) National Farming Statistics, DEFRA 2015 and (b) Farm Management Pocketbook, Nix 2015. Land cover data from NRS (EA,2013) report. The 
Catchment Annual Yield (tn) is computed per crop as the product of the proliferation of the average crop yield by catchment land cover. Scenarios: (1) current status, 
including only spring crops; (2) implementation of winter cover crops without starter fertiliser (20kg/ha).  

Crops, Yields (ton/ha), Fertiliser (N) application rates and Grey Water Footprints in the Poole Harbour Catchment 

Crop type 
Average Crop 
Yield (tn/ha) 

Catchment 
Land  

Cover (ha) 

Catchment 
Annual  

Yield (tn) 

N application 
(kg/ha)1 

N application 
(kg/ha)2 

WFc,grey 
(m3/tn) 1 

WFc,grey 
(m3/tn) 2 

Other parameters 

Concentration of total N 

Spring Wheat 9.0(a) 9000 81*103 150 130 2000.0 577.8 Cmax=2.9mg/l Cnat=0.4 mg/l 

Barley 6.9 (b) 1750 12.1*103 160 140 2782.6 811.6 Leaching Run-off Factor α 

Maize 7.5 (b) 1750 13.1*103 200 180 3200.0 960.0 1: α =30%                  2: α =10% 

Spring Oilseed rape 3.9 (a) 1750 6.8*103 80 60 2461.5 615.4 Aggregated WFs 

Winter Wheat 9.0(a) 9000 81*103 - 230 - 1022.2 WFgrey,agri (m3/year): 7.8*108 

Winter Oilseed rape 3.9 (a) 1750 6.8*103 - 170 - 1743.6 WFgrey,live (m3/year): 5.3*108 

Table 6.13: Water Consumption per crop at a catchment scale. Scenarios: (1) current status, including only spring crops; (2) implementation of winter cover crops without 
starter fertiliser (20kg/ha).  

Crop type Blue Water (m3) Green Water (m3) Grey Water1 (m3) Grey Water2 (m3) Volume of Water (m3)  

Spring Wheat 1.4*107 1.5*107 1.6*108 4.7*107 
1 3.8*108 Barley 2.7*106 2.9*106 3.4*107 9.8*106 

Maize 3.6*106 2.9*106 4.2*107 1.3*107 

Spring Oilseed rape 2.3*106 2.6*106 1.7*107 4.2*106 
2 2.7*108 Winter Wheat 2.7*107 3.0*107 - 8.3*107 

Winter Oilseed rape 5.0*105 2.8*106 - 1.2*107 
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6.4. Water Accounts and the Catchment Physical Input-Output 

Table 

This section illustrates how the methodologies introduced for the individual actors of the 

catchment and the indices selected to show the outputs of their processes, feed into the 

population of the Catchment Physical Input Output Table (Catchment PIOT).  

Table 6.14. presents the updated Catchment PIOT, showing which cells are filled with the 

hydrology figures, water footprint indices or other physical figures (e.g. green water requirements 

or leakage water). Based on the assumptions made throughout the research and simplifications 

forced due to methodological limitations, the Catchment PIOT could be restructured to represent 

more aggregated sectors, as shown in Table 6.15. In this version, the number of empty cells is 

limited, as the available in literature indices enable to compute the outputs of each of the 

combinations between sectors.  

The structure of the Catchment PIOT rules the rationale of its population with outputs of the 

water inventories. Thus, the column indicates the ‘From’ and the rows indicate the ‘To’. For 

example, for filing in the X(1,1) cell, showing the water circulation within the Atmosphere, the 

question asked is: “How much the sector Atmosphere contributes to itself?”. The hydrological 

figure of evapotranspiration, 𝐸𝑇𝑎𝑡𝑚, describes this relationship. Based on this rationale, the figure 

of 𝑊𝐹𝑏𝑙𝑢𝑒,𝑐𝑎𝑡𝑐ℎ,𝑊𝑇𝑃 describes “how much the sector Hydrosphere contributes to the urban water 

cycle”, while the figure of 𝑊𝐹𝑔𝑟𝑒𝑦,𝑐𝑎𝑡𝑐ℎ,𝑊𝑇𝑃 describes “how much the urban water cycle 

contributes to the sector Hydrosphere’.  

The questions asked for filling in the Catchment PIOT are dictated by the System Dynamics 

model created for the catchment system under study. Thus, the indices or hydrological figures 

populating the table, map back to the relationships identified in a previous research stage. This 

enables the parallel development of the modelling, cross-check of results and adaptations or 

corrections when necessary. 
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Table 6.14.: The Catchment PIOT as formulated according to the methodologies presented for each of the catchment’s actors. The indices introduced in this 
section are used to populate the matrix. The columns represent the ‘From’ and the rows the ‘To’. The indices show the volume of water utilised from each 
sector: for example, the WFcatch,WTP represents the volume of water abstracted from the sector ‘Hydrosphere’ and the WFWWTPcatch represents the 
volume of water returned to the sector ‘Hydrosphere’ .The volumes of water refer to cubic meters on an annual basis (m3/year).  

 Atm Hydro Pedo Litho Abstr 
W- 

Treat 
W- 

Distrib 
WW-

Distrib 
WW- 
Treat 

Irrig Harv Fertil W-Anim Feed 

Atmosphere 𝐸𝑇𝑎𝑡𝑚  𝑅 
𝑆𝑜𝑖𝑙 

𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐼 - - - - - - - - - - 

Hydrosphere 𝐸𝑇𝑏𝑙𝑢𝑒  𝐸𝐹𝑅 - - 𝑊𝐹𝑏𝑙𝑢𝑒,𝑐𝑎𝑡𝑐ℎ,𝑊𝑇𝑃 𝑊𝐹𝑏𝑙𝑢𝑒,𝑐𝑎𝑡𝑐ℎ,𝑑𝑖𝑠𝑡𝑟𝑖𝑏 𝑊𝐹𝑏𝑙𝑢𝑒,𝑐𝑎𝑡𝑐ℎ,𝑊𝑊𝑇𝑃 𝑊𝐹𝑏𝑙𝑢𝑒,𝑖𝑟𝑟  𝑊𝐹𝑏𝑙𝑢𝑒,ℎ𝑎𝑟𝑣 𝑊𝐹𝑏𝑙𝑢𝑒,𝑣𝑖𝑟𝑡,𝑓𝑡 𝑊𝐹𝑏𝑙𝑢𝑒,𝑎𝑛 𝑊𝐹𝑏𝑙𝑢𝑒,𝑣𝑖𝑟𝑡,𝑓𝑒 

Pedosphere 𝐸𝑇𝑔𝑟𝑒𝑒𝑛 - 
𝐺𝑟𝑒𝑒𝑛 

𝑊𝑅 
- 

𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑎𝑡𝑐ℎ,𝑊𝑇𝑃 𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑎𝑡𝑐ℎ,𝑑𝑖𝑠𝑡𝑟𝑖𝑏 𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑎𝑡𝑐ℎ,𝑊𝑊𝑇𝑃 𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑖𝑟𝑟 
- - - - 

Lithosphere - 
𝐺𝑟𝑜𝑢𝑛𝑑 
𝑤𝑎𝑡𝑒r 

- 
𝑆𝑡𝑜𝑐𝑘 
𝑤𝑎𝑡𝑒𝑟 

𝑊𝐹𝑔𝑟𝑒𝑒𝑛,ℎ𝑎𝑟𝑣 𝑊𝐹𝑔𝑟,𝑣𝑖𝑟𝑡,𝑓𝑡 𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑎𝑛 𝑊𝐹𝑔𝑟,,𝑣𝑖𝑟𝑡,𝑓𝑒 

Abstraction 𝐸𝑇𝑡, 
𝑊𝐹 𝑔𝑟𝑒𝑦,

𝑐𝑎𝑡𝑐ℎ,𝑊𝑇𝑃
 

- - - - - - - - - - - - 

Water 
Treatment 

𝐸𝑇𝑡,𝑢𝑟𝑏,2 - - 

𝑊𝑎𝑡𝑒𝑟 𝐹𝑙𝑜𝑤𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑈𝑟𝑏𝑎𝑛 𝑊𝑎𝑡𝑒𝑟 𝐶𝑦𝑐𝑙𝑒 
& 𝑉𝑖𝑟𝑡𝑢𝑎𝑙 𝑊𝑎𝑡𝑒𝑟 

- - - - - 

Water 
Distribution 

𝐸𝑇𝑡,𝑢𝑟𝑏,3 
𝑊𝐹 𝑔𝑟𝑒𝑦,

𝑐𝑎𝑡𝑐ℎ,𝑑𝑖𝑠𝑡𝑟𝑖𝑏
 

- 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 - - - - - 

Wastewater 
Distribution 

𝐸𝑇𝑡,𝑢𝑟𝑏,4 - 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 - - - - - 

Wastewater 
Treatment 

𝐸𝑇𝑡,𝑢𝑟𝑏,5 𝑊𝐹 𝑔𝑟𝑒𝑦,
𝑐𝑎𝑡𝑐ℎ,𝑊𝑊𝑇𝑃

 - - - - - - - 

Irrigation 𝐸𝑇𝑡,𝑖𝑟𝑟𝑖𝑔  - - - - - - - - 

𝑊𝑎𝑡𝑒𝑟 𝐹𝑙𝑜𝑤𝑠 & 𝑉𝑖𝑟𝑡𝑢𝑎𝑙 𝑊𝑎𝑡𝑒𝑟 

Harvest - - - - - - - - - 

Fertilising - 𝑊𝐹𝑔𝑟𝑒𝑦,𝑓𝑡 𝑊𝐹𝑔𝑟𝑒𝑦,𝑓𝑡 𝑊𝐹𝑔𝑟𝑒𝑦,𝑓𝑡 - - - - - 

Watering 
Animals 

- 𝑊𝐹𝑔𝑟𝑒𝑦,𝑎𝑛 𝑊𝐹𝑔𝑟𝑒𝑦,𝑎𝑛 𝑊𝐹𝑔𝑟𝑒𝑦,𝑎𝑛 - - - - - 

Feed - - - - - - - - - 
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Table 6.15.: Re-structured catchment PIOT due to methodological assumptions and limitations. All figures refer to m3/year.  

 Atmosphere Hydrosphere Pedosphere Lithosphere Urban Water Cycle Crop Cultivation Livestock 

Atmosphere 𝐸𝑇𝑎𝑡𝑚 𝑅 
𝑆𝑜𝑖𝑙 

𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 
𝐼 - - - 

Hydrosphere 𝐸𝑇𝑏𝑙𝑢𝑒 𝐸𝐹𝑅 - - 𝑊𝐹𝑏𝑙𝑢𝑒,𝑐𝑎𝑡𝑐ℎ,𝑢𝑟𝑏𝑎𝑛 𝑊𝐹𝑏𝑙𝑢𝑒,𝑐𝑟𝑜𝑝 𝑊𝐹𝑏𝑙𝑢𝑒,𝑙𝑖𝑣 

Pedosphere 𝐸𝑇𝑔𝑟𝑒𝑒𝑛 - 
𝐺𝑟𝑒𝑒𝑛 

𝑊𝑅 
- - 

𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑟𝑜𝑝 
- 

Lithosphere - 
𝐺𝑟𝑜𝑢𝑛𝑑 
𝑤𝑎𝑡𝑒r 

- 
𝑆𝑡𝑜𝑐𝑘 
𝑤𝑎𝑡𝑒𝑟 

𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑎𝑡𝑐ℎ,𝑢𝑟𝑏𝑎𝑛 𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑙𝑖𝑣 

Urban Water Cycle 𝐸𝑇𝑢𝑟𝑏𝑎𝑛 𝑊𝐹𝑔𝑟𝑒𝑦,𝑐𝑎𝑡𝑐ℎ,𝑢𝑟𝑏𝑎𝑛 - - - 

Crop Cultivation 𝐸𝑇𝑐𝑟𝑜𝑝 𝑊𝐹𝑔𝑟𝑒𝑦,𝑐𝑟𝑜𝑝 - - - 

Livestock 𝐸𝑇𝑙𝑖𝑣 𝑊𝐹𝑔𝑟𝑒𝑦,𝑙𝑖𝑣 - - - 

Table 6.16.: Scenarios. *assuming efficiency of WWTP at 7mg/l.  

Land Management Scenarios 
Benchmark  

(N load, tn/year) 
Reduction Target 
(N load, tn/year) 

Source of Pollution 

Diffuse Point * 

Current status (S0) 2280 - 1950 330 

Winter Cover Crops (S1) 1730 550 1400 330 

Site-specific management (S2) 1730 550 1400 330 
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6.5. The application of the Catchment Metabolism in a scenario 

analysis 

This section presents the use of the complete modelling approach. It synthesises the outputs of 

the previous chapters and sections in order to apply the Catchment Metabolism and its multiple 

water inventories for the Poole Harbour Catchment and for a number of scenarios in regards to 

tackling nitrogen pollution.  

A scenario analysis is firstly introduced. Then, a Catchment Physical Input-Output Table 

(Catchment PIOT) is produced for each of the scenarios. Due to the nature of the Catchment PIOT, 

only the outputs of the interactions among actors are presented in the final PIOT, which is, 

essentially, a portfolio presentation of environmental outputs. Selected indices from 

environmental impact assessment methodologies are utilised to compute the environmental 

outputs. The underpinning methodology for these computations is also discussed, whilst the 

numeric hydrological analysis performed as part of the actors’ water inventories provides the 

hydrometric values used for the calculations.  

6.5.1. Scenario Formulation  

The SD model of the Poole Harbour Catchment (Figure 6.9.) has revealed the synergies between 

the biosphere and the technosphere within the Poole Harbour Catchment, and there is evidence 

(NRS, EA, 2013; Chapter 4) showing that a joint tackle of both point and diffuse nitrogen pollution 

would prove more beneficial for its overall environmental performance.  

A scenario analysis has been performed for the identification of different strategies applied to 

the Poole Harbour Catchment. The aim of each of the strategies is to enable the system to meet 

the statutory standards for water quality of the final recipient (i.e. the Poole Harbour) in the most 

sustainable means. Therefore, the overall environmental performance of the catchment system is 

assessed for each of the scenarios formulated.  

The current environmental performance of the Poole Harbour Catchment is firstly assessed and 

then used as the baseline scenario (S0). Then, two scenarios are formulated (S1, S2) based on the 

nitrogen reduction targets set in previous studies (Nitrogen Reduction Strategy, EA, 2013) (Table 

6.16.). A ‘reverse engineering’ approach is used for the assessment of the strategies. That is, each 

of the scenarios assumes the same final target in terms of the overall nitrogen reduction and then 

assesses how this is achieved through the implemented strategy. The strategies are not, therefore 

assessed for their effectiveness; they are rather assessed for their environmental performance, 

assuming that the nitrogen reduction targets are met. The application of the Catchment 
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Metabolism modelling schema for each of the strategies serves this assessment, as it reveals the 

trade-offs among the subsystems or actors of the catchment system. This is also a means of 

evaluating the modelling schema per se for its suitability to provide structured and uniform 

evidence for informing holistic, catchment-based asset management and planning.  

The overall environmental target in the Poole Harbour Catchment is the reduction on the 

nitrogen load deriving from diffuse pollution by approx. 550 tonnes of total N across the catchment 

at an annual basis (Rbenchmark = 550 tn/ year). The two scenarios formulated (S1, S2) represent 

two different agricultural practices as recommended by previous studies and catchment’s 

stakeholders (Nitrogen Reduction Strategy, EA, 2013). These include the establishment of winter 

crops (wheat winter and winter oilseed rape production) and the adoption of site-specific 

management along the catchment (scenarios S1 and S2 respectively. Different fertiliser application 

rates and modelling parameters are assumed in the scenarios formulated, based on literature and 

expert input from the project’s industrial partner. Thus, the fertiliser (total N) application rate for 

the winter cover crops scenario (S1) assumes that the starter fertiliser (20 Kg N/ha) is not applied, 

as it is captured in the soil from the previous crop rotation. The leaching run-off factor 𝛼 is assumed 

to be differentiated within seasons (e.g. Hardie et al. 2012; Alberts et al. 1978), as it increases 

during spring, especially after bear soils (no winter cover crops) during winter. For the case study 

undertaken, it is assumed 𝛼 = 10% (Chapagain et al. 2006) for scenario S1 and 𝛼 = 30% (expert 

input) for scenarios S0 and S2. Both scenarios assume that the contribution of point sources (urban 

water cycle, through the wastewater treatment plants) to the total nitrogen load do not exceed 

15% at an annual basis (Ppoint = 330 tn/year). The operation efficiency of the nitrogen removal 

plants is also assumed stable (Urbanefficiency = 7mg N/l).  

A set of rules were defined, aiming to ensure a rigorous comparison of the environmental 

performance of the scenarios. For all the scenarios, the environmental outputs are computed over 

the period of a hydrological year. The re-structured Catchment PIOT and the water inventories 

underpinning its formulation are used for all the scenarios formulated. The assumptions and 

limitations apply are as described in previous sections of the chapter. The overall environmental 

performance of each of the scenarios is analysed as compared with the current status of the 

catchment (S0). The construction of Catchment PIOTs for the wet and the dry periods were not 

included in the analysis, as this step was considered out of the scope of the research. Nonetheless, 

seasonality was included in the hydrological analysis of the catchment system.  
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6.5.2. Implementation of the Catchment PIOTs & Analysis of the results 

Following the formulation of the scenarios for tackling nitrogen pollution in the Poole Harbour 

Catchment, a Catchment PIOT is constructed for each of them (Table 6.17.; Table 6.18.; Table 

6.19.). For facilitating the comparison among scenarios, a pictorial representation (Sankey 

diagram) of the results follows (Figure 6.14.; Figure 6.15.; Figure 6.16.). The section then analyses 

the results of the implementation of the Catchment PIOTs for the assessment of the environmental 

performance of the scenarios formulated for reducing nitrogen pollution in the Poole Harbour 

Catchment.  

The construction of the Catchment PIOTs is based on the rules and methodologies formulated 

earlier in this chapter. The outputs depicted allow for the comparison of the environmental 

performance of the scenarios, against the current status of the catchment system and between 

them. For the description of the current status (S0) and for both the scenarios formulated (S1, S2), 

the optimum status of the river systems was assumed; thus, the environmental flow requirements 

(EFR) were calculated for that status.  

Despite the identification of the physical water flows between several sectors of the catchment 

system, a number of outputs were not calculated for none of the scenarios. For example, soil 

moisture, as the outputs of the sector ‘Atmosphere’ to the sector ‘Pedosphere’ or the blue 

(𝑊𝐹𝑏𝑙𝑢𝑒,𝑙𝑖𝑣) and the green (𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑙𝑖𝑣)water footprints of the sector ‘livestock’, as the output of 

the sector ‘Hydrosphere’. This is due to either simplifications made in the formulation of the 

scenarios or lack of catchment-specific models or data for the computation of the physical 

arithmetic values. A colour-scale is used to justify the uncertainty of the data used or processed 

for the Poole Harbour Catchment case study. As such, Red represents high uncertainty, Yellow 

represents potential uncertainty and Green represents confidence in the data.  

The non-computed figures represent the following physical flows or stocks: soil moisture: green 

water captured in the pedosphere; green WR: green water requirements, thus: the green water 

needed to maintain the biodiversity of the pedosphere; groundwater: the volume of groundwater 

transferred from the saturated aquifer to the river; stock: the groundwater stored in the aquifer 

at an annual rate;𝐸𝑇𝑢𝑟𝑏𝑎𝑛: the volume of water evaporated during the urban water cycle, 

assuming is not considered as a closed system; 𝐸𝑇𝑙𝑖𝑣: the volume of water evapo-transpirated from 

the sector of ‘livestock’.  
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Table 6.17.: Catchment PIOT for S0: current status of the Poole Harbour Catchment. Values present volume of water per hydrological year (m3/year). Due to the number of 
assumptions and multiple sources of data, there is limited confidence in the arithmetic values presented.  

 Atmosphere Hydrosphere Pedosphere Lithosphere Urban Water Cycle 
Crop 

Cultivation 
Livestock 

Atmosphere 4.11 ∗ 108 2.88 ∗ 108 
𝑆𝑜𝑖𝑙 

𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 
2.36 ∗ 107 - - - 

Hydrosphere 2.90 ∗ 108 2.30 ∗ 108 - - 6.70 ∗ 107 2.30 ∗ 107 𝑊𝐹𝑏𝑙𝑢𝑒,𝑙𝑖𝑣 

Pedosphere 1.23 ∗ 108 - 
𝐺𝑟𝑒𝑒𝑛 

𝑊𝑅 
- 

𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑎𝑡𝑐ℎ,𝑢𝑟𝑏𝑎𝑛 2.40 ∗ 107 𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑙𝑖𝑣 
Lithosphere - 

𝐺𝑟𝑜𝑢𝑛𝑑 
𝑤𝑎𝑡𝑒r 

- 
𝑆𝑡𝑜𝑐𝑘 
𝑤𝑎𝑡𝑒𝑟 

Urban Water 
Cycle 

𝐸𝑇𝑢𝑟𝑏𝑎𝑛 8.81 ∗ 107 - - - 

Crop Cultivation 1.07 ∗ 106 2.50 ∗ 108 - - - 

Livestock 𝐸𝑇𝑙𝑖𝑣 5.26 ∗ 108 - - - 
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Figure 6.14.: Sankey diagram describing the flow exchange for the current status of the Poole Harbour Catchment (scenario S0).  
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Table 6.18.: Catchment PIOT for S1: implementation of winter cover crops across the Poole Harbour Catchment. The scenario assumes the non-application of the starter 
fertiliser (20 Kg N/ha) across the catchment, for all crops considered. Values present volume of water per hydrological year (m3/year). Due to the number of assumptions 
and multiple sources of data, there is limited confidence in the arithmetic values presented. 

 Atmosphere Hydrosphere Pedosphere Lithosphere Urban Water Cycle 
Crop 

Cultivation 
Livestock 

Atmosphere 4.11 ∗ 108 2.88 ∗ 108 
𝑆𝑜𝑖𝑙 

𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 
2.36 ∗ 107 - - - 

Hydrosphere 2.90 ∗ 108 2.30 ∗ 108 - - 6.70 ∗ 107 5.10 ∗ 107 𝑊𝐹𝑏𝑙𝑢𝑒,𝑙𝑖𝑣 

Pedosphere 1.23 ∗ 108 - 
𝐺𝑟𝑒𝑒𝑛 

𝑊𝑅 
- 

𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑎𝑡𝑐ℎ,𝑢𝑟𝑏𝑎𝑛 5.60 ∗ 107 𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑙𝑖𝑣 
Lithosphere - 

𝐺𝑟𝑜𝑢𝑛𝑑 
𝑤𝑎𝑡𝑒r 

- 
𝑆𝑡𝑜𝑐𝑘 
𝑤𝑎𝑡𝑒𝑟 

Urban Water Cycle 𝐸𝑇𝑢𝑟𝑏𝑎𝑛 8.81 ∗ 107 - - - 

Crop Cultivation 1.74 ∗ 106 1.70 ∗ 108 - - - 

Livestock 𝐸𝑇𝑙𝑖𝑣 3.92 ∗ 108 - - - 
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Figure 6.15.: Sankey diagram describing the flow exchange for the implementation of winter cover crops across the Poole Harbour Catchment (scenario S1).  
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Table 6.19.: Catchment PIOT for S2: implementation of precision agriculture across the Poole Harbour Catchment. The scenario assumes the non-application of starter 
fertiliser (20 Kg N/ha) across the catchment, but not the implementation of winter cover crops. The leaching run-off factor (𝛼) is, thus, higher than in S1. Values present 
volume of water per hydrological year (m3/year). Due to the number of assumptions and multiple sources of data, there is limited confidence in the arithmetic values 
presented. 

 Atmosphere Hydrosphere Pedosphere Lithosphere Urban Water Cycle 
Crop 

Cultivation 
Livestock 

Atmosphere 4.11 ∗ 108 2.88 ∗ 108 
𝑆𝑜𝑖𝑙 

𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 
2.36 ∗ 107 - - - 

Hydrosphere 2.90 ∗ 108 2.30 ∗ 108 - - 6.70 ∗ 107 2.30 ∗ 107 𝑊𝐹𝑏𝑙𝑢𝑒,𝑙𝑖𝑣 

Pedosphere 1.23 ∗ 108 - 
𝐺𝑟𝑒𝑒𝑛 

𝑊𝑅 
- 

𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑎𝑡𝑐ℎ,𝑢𝑟𝑏𝑎𝑛 2.40 ∗ 107 𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑙𝑖𝑣 
Lithosphere - 

𝐺𝑟𝑜𝑢𝑛𝑑 
𝑤𝑎𝑡𝑒r 

- 
𝑆𝑡𝑜𝑐𝑘 
𝑤𝑎𝑡𝑒𝑟 

Urban Water Cycle 𝐸𝑇𝑢𝑟𝑏𝑎𝑛 8.81 ∗ 107 - - - 

Crop Cultivation 1.07 ∗ 106 2.20 ∗ 108 - - - 

Livestock 𝐸𝑇𝑙𝑖𝑣 3.40 ∗ 108 - - - 
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Figure 6.16.: Sankey diagram describing the flow exchange for the implementation of precision agriculture across the Poole Harbour Catchment (scenario S2). 
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The results show that the optimum strategy for the reduction of the nitrogen load in the Poole 

Harbour is the implementation of winter cover crops across the catchment (scenario S1). This 

strategy involves the overall reduction of fertiliser application in the catchment, as it assumes that 

the starter fertiliser needed for each of the cultivated crops (20 Kg N/had) is captured in the 

pedosphere due to the continuous crop circulation. Further, the leaching run-off is reduced 

(𝛼=10%) which may result in non-quantified benefits for the catchment system, such as the 

reduction of river sedimentation due to limited erosion during winter / wet season. Compared to 

the implementation of precision agriculture across the catchment (scenario S2), strategy S1 shows 

a slightly higher grey water footprint of the sector ‘livestock’, which would disqualify S1 from 

‘optimum’. Nonetheless, the difference is rather negligible, when compared to the total nitrogen 

load or the total grey water footprint of the sector. The simplifications and assumptions made for 

the formulations of the scenarios do not allow for the detailed comparison or analysis of the 

contribution of livestock in the total nitrogen load of the Poole Harbor. The scenarios formulated 

did not consider improvements or changes in the management of the sector ‘livestock’ due to lack 

of data or recommendations from previous studies conducted from the project’s industrial partner 

or third parties (e.g. environmental regulators, consultancy).  

6.6. An alternative version of the Catchment PIOT 

Hydrological parameters and Water Footprint figures have been used to populate the Catchment 

PIOT (Table 6.14.). Nevertheless, it that form, the Catchment PIOT does not show environmental 

impacts at a catchment scale. It rather shows the volume (e.g. runoff) or appropriation (e.g. blue 

water footprint) of the available freshwater used or consumed by the catchment’s sectors or their 

individual sectors and their activities.  

An alternative version of the Catchment PIOT (Table 6.20.) could be produced, aiming to 

integrate indicators or figures for mid-point impacts. This alternative option would relate the 

figures of the PIOT with elements such as Water Availability (WA) and Water Stress (WS). 

Moreover, it could integrate the indices from or related to the Water Footprint Assessment 

methodology, such as Water Pollution Level (WPL) (Hoekstra et al. 2011) and the Quantity-Quality-

Environmental Flow Requirements (QQE) indicator (Liu et al. 2016). This expansion or alternative 

of the format of the Catchment PIOT would enable further environmental and hydrological analysis 

of the catchment system. It would also enhance the communication of complex environmental 

issues to non-experts, thanks to the aggregated information provided from the use of indicators. 

Table 6.20. shows the alternative version of the Catchment PIOT. The indexes describing potential 

mid-point, regional, water-related impacts are shown in the table, followed by the relevant 
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academic reference. Due to the limitations of the available indices and the lack of catchment-

specific data, computations are not performed for the Poole Harbour Catchment (i.e. the case 

study of the undertaken research). It should be noted that the figures describing water volumes 

relevant to the natural water cycle remain intact. The main differences are observed in the figures 

describing the relationships between the other actors of the catchment system (e.g. water 

company and agriculture). Multiple options for the use of indices are displayed for those inter-

sectoral relationships or impacts which have been substantially discussed in existing literature.  
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Table 6.20.: Alternative Catchment PIOT. This version shows the use of the available indicators for potential mid-point, regional, water-related impacts. Different indicators 
are displayed for the inter-sectoral interactions which may be described by more than one indices.  

 Atmosphere Hydrosphere Pedosphere Lithosphere Urban Water Cycle Crop Cultivation Livestock 

Atmosphere 𝐸𝑇𝑎𝑡𝑚 𝑅 
𝑆𝑜𝑖𝑙 

𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 
𝐼 - - - 

Hydrosphere 𝐸𝑇𝑏𝑙𝑢𝑒 𝐸𝐹𝑅 - - 𝑊𝐹𝑏𝑙𝑢𝑒,𝑐𝑎𝑡𝑐ℎ,𝑢𝑟𝑏𝑎𝑛 𝑊𝐹𝑏𝑙𝑢𝑒,𝑐𝑟𝑜𝑝 𝑊𝐹𝑏𝑙𝑢𝑒,𝑙𝑖𝑣  

Pedosphere 𝐸𝑇𝑔𝑟𝑒𝑒𝑛 - 
𝐺𝑟𝑒𝑒𝑛 

𝑊𝑅 
- - 

𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑟𝑜𝑝 
- 

Lithosphere - 
𝐺𝑟𝑜𝑢𝑛𝑑 
𝑤𝑎𝑡𝑒r 

- 
𝑆𝑡𝑜𝑐𝑘 
𝑤𝑎𝑡𝑒𝑟 

𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑐𝑎𝑡𝑐ℎ,𝑢𝑟𝑏𝑎𝑛 𝑊𝐹𝑔𝑟𝑒𝑒𝑛,𝑙𝑖𝑣 

Urban Water Cycle 𝐸𝑇𝑢𝑟𝑏𝑎𝑛 WPL or QQE WPL or QQE WScI or VI WSI WSI WSI 

Crop Cultivation 𝐸𝑇𝑐𝑟𝑜𝑝 WPL or QQE WPL or QQE WScI or VI WSI WSI WSI 

Livestock 𝐸𝑇𝑙𝑖𝑣 WPL or QQE WPL or QQE WScI or VI WSI WSI WSI 

WPL: Water Pollution Level (WPL) (Hoekstra et al. 2011); QQE: Quantity-Quality-Environmental Flow Requirements indicator (Liu et al. 2016); WScI: Water 

Scarcity Index (Döll 2009); VI: Vulnerability Index (Döll 2009); WSI: Water Stress Index (Pfister et al. 2009).  
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6.7. Concluding remarks on the Water Accounts of the 

Catchment PIOT 

The section discusses the challenges and limitations of the water accounting methodologies, 

underpinning the population of the Catchment PIOT with indexes and data.  

The strengths are summarised in the following:  

 The use of established accounting methods in conjunction with Systems Dynamics modelling 

introduces a novel perspective in their joint use for Integrated Catchment Management.  

 The creation of transparent methodologies for the water inventories of the catchment’s 

actors enables detailed modelling of water processes at a catchment scale. This then leads to 

catchment-specific computations of environmental outputs and the assessment of the overall 

performance of a catchment system. The transparency of the flow mapping and accounting, 

contributes to sustainable integrated catchment management options, which are targeted to up-

stream solutions, following on the principles that “you cannot profoundly alter a system’s outputs 

(i.e. wastes, emissions) without changing also its inputs and the ways it works internally” (Fischer-

Kowalski 2003). It also enables identifying research gaps, such as the type of hydrological models 

which need to be develop in order to describe the outputs among sectors or the water accounting 

or impact assessment indices missing from current literature.  

 The use of the matrix representation creates a new approach to communicate the natural 

hydrological cycle to non-experts. The natural water budget is presented into a tabular, unified 

format, compatible with other fields of science, such as economics. The compartments of the 

natural water budget are depicted as outputs of processes among sectors: for example, the surface 

run-off is demonstrated as the output of the sector Atmosphere to the sector Hydrosphere and the 

Environmental Flow Requirements (EFR) are described as the contribution of the sector 

Hydrosphere to itself; thus, to the riverine ecosystem. This format also enables the identification 

of gaps on data. For example, for the Poole Harbour Catchment case study, the lack of data for the 

soil moisture does not allow for the computation of the outputs between the ‘sectors’ of 

pedosphere and lithosphere. 

On the other hand, the water accounting methodologies suffer from a few methodological 

limitations, which mainly relate to the assumptions made for the selected catchment case study:  

 The scenarios formulated to evaluate the practical value of the methodology did not 

include livestock management options. Thus, the comparison between the scenarios is not 

robust enough to provide ground for decision-making for the catchment system.  
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 In regards to the water accounting of the sector ‘cultivating crops’, the use of CLIMAT data 

in the CROPWAT model introduces an uncertainty in the results. This is mainly because CROPWAT 

assumes that the Effective Precipitation equals to the 80% of rainfall. These figures are not true 

for the Poole Harbour Catchment, where the Effective Precipitation was computed to be a 43% of 

the catchment’s annual water budget.  

 The distinction between green and blue water use is more relevant to water-stressed 

catchments, as it shows which crops require more irrigation water (blue water). In the work 

presented, it is used to demonstrate the water deprivation from the different sectors of the 

biosphere: green water use relates to the pedosphere (soil moisture), while blue water use relates 

to the hydrosphere (surface or groundwater). Due to data limitations, their distinction does not 

add value to the results presented. It can, though, be used for future reference for the further 

development of the methodology.  

 In regards to the modelling and computations concerning the Urban Water Cycle, the 

implementation of a more detailed approach -especially in regards to the wastewater treatment 

plants- would exceed the scope of the research. The methodology created by Morera et al. (2016) 

was used as a basis for the more elaborate computations of the urban water footprint, while a 

number of assumption were made due to time and methodological constraints. Although the 

simplifications made affect the computed figures, they still enable to meet the original objective. 

That is, to show application of the Catchment Metabolism in practice and the use of water 

accounting methods as part of it. 
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Chapter 7: Discussion 

The chapter discusses the character of the undertaken research and presents a critical analysis of 

the research outputs. It then analyses the methodological limitations of the work and the 

opportunities arising for further future research.  

At first, the justification of the transdisciplinary nature of the research approach is presented. 

The critical analysis of the research outputs follows, presenting the strengths and limitations of the 

Catchment Metabolism modelling schema and of its application for integrated catchment analyses 

and asset management purposes. The relevance of the modelling approach to current regulatory 

challenges is then analysed, followed by a discussion on the areas for further research.  

7.1. The transdisciplinary nature of the research 

The principles of Transidsciplinarity, as defined by Leavy (2011) were introduced in Chapter 3. In this 

section, the principles underpinning the creation of the Catchment Metabolism modelling schema 

and the attributes of the schema per se are tested against the principles to reveal its transdisciplinary 

character (Table 7.1.).  

Table 7.1.: The principles of Transidsciplinarity, according to Leavy (2011) and how the Catchment Metabolism 
modelling schema meets the criteria for being classified as a transdisciplinary research methodology.  

Principle Practice for Catchment Metabolism 

Issue- or Problem- Centred  

(problem at the centre of research and guides 
methodology) 

Research Problem: lack of standardised 
methodologies for integrating natural capital in the 
asset management portfolio of the water sector 

Holistic or Synergetic Research Approach 

(problem considered holistically through an iterative 

process which produces integrated knowledge) 

-Synergies created on the grounds of several 
scientific fields 
-Use of multiple diagrammatic representations of 
the catchment system to serve diverse research 
purposes 

Transcendence 

(creation of conceptual frameworks that transcend 
discipline perspectives) 

The modelling schema created is based on concepts 
and tools from different disciplines, ranging, for 
example, from Economics (Input-Output Analysis) 
to Hydrology (Water Inventories) 

Emergence 

(emergence of new conceptual and methodological 
frameworks) 

The Catchment Metabolism modelling schema has 
emerged as an output. Further, the combined use 
of multiple types of diagrams and water indices 

Innovation 

(creation of new conceptual, methodological and 
theoretical frameworks) 

The innovation of the work lies on the synthesis of 
concepts and methods for the creation of the 
modelling schema 

Flexibility 

(iterative research process requiring adaptation to new 
insights) 

‘Retrospective’ approach for the creation of the 
modelling schema. Its structure enables the 
integration of on-going advancements in the field of 
water inventories. 
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The motive for the creation of the Catchment Metabolism modelling schema was the limited 

research on structured methodologies for the integration of the natural capital in the asset 

management portfolio of the water industry. The creation of a holistic and structured modelling 

approach has been the focal point of the undertaken research (issue-centred) and has driven the 

methodological choices made throughout. A number of concepts and techniques were synthesised 

(synergetic research approach) for the creation of the modelling schema. The synergies were 

grounded on the principles of several scientific fields and their methods (transcendence), ranging 

from Integrated Catchment Management (ICM) and Hydrology (e.g. Water Budgets and Water 

Inventories), to Industrial Ecology (e.g. metabolism) and Economics (Input-Output Analysis). The 

‘retrospective’ approach followed for the creation of the modelling schema shows evidence of a 

creative research process (flexibility), while the transparent structure of the schema enable its 

further development with the integration of the on-going advancements in the field of Water 

Inventories. The reproducible and scalable Catchment Metabolism modelling schema is the main 

output of the undertaken research (emergence). Its step-by-step creation process enables its 

adoption from the water industry to serve pragmatic challenges (issue-centred). Further, the use 

of multiple diagrammatic representations for catchment systems serves the principles of ICM and 

contributes to the creation of new knowledge (innovation) in the field.  

The attributes presented and discussed qualify for the classification of the emergent 

methodology as transdisciplinary, after the definition of Leavy 2011. Further, following the 

definition of transidsciplinarity as a means to bring policy requirements into academic research 

(Stavridou and Ferreira 2010; Pohl 2008), the undertaken research qualifies as transdisciplinary for 

brining into the methodological choices the policy requirements of the UK water policy bodies 

(OFWAT, DEFRA) asking for methodologies which will ensure resilient water systems.  

7.2. The Catchment Metabolism modelling schema: a critical 

analysis  

The undertaken research introduces a structured approach for designing the Asset Management 

Plans (AMPs) of the water industry around a new focal point: the ecosystem. Built on the principles 

of Ecosystem Services, where the ecosystem is an equal stakeholder, the Catchment Metabolism 

modelling schema adds to the limited literature on the systemic approaches for the integration of 

natural capital in the asset management portfolio of the water sector. The schema introduced is 

designed on a robust, transdisciplinary basis but is also practical, so that it can be easily used from 

water practitioners. Its feasibility to serve everyday practice has been validated through its 

application for an industrial case study for a rural catchment system.  
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The work stresses the importance of assessing water-related issues and decision-making at a 

geographically bounded scale, that of the river basin or watershed or catchment. It therefore 

contributes to the discussion on the issue of the optimum scale for effective water resources 

management, as debated in recent literature (Stodden et al. 2016; Vörösmarty et al. 2015; 

Jaramillo and Destounni 2015). Despite the necessity for local analyses of water resources 

availability, the contribution of local stressors and impacts at a global level should not be 

neglected. On the contrary, they should be used as a key driver in the development of Earth system 

modelling. Counter wise, adopting and retaining a global perspective provides context to local 

conditions and enables crafting international stewardships for sustainable and equitable water 

management, especially in regards to global trade and transboundary water conflicts. 

The Catchment Metabolism demonstrates a structured approach to achieve regional strategic 

planning which enables multiple perspectives in the analysis. Its coherent structure could inform 

the design of integrated catchment management strategies and assist the successful 

implementation of catchment-based initiatives. It introduces new patterns in conceptualising and 

modelling a catchment, collecting data and displaying information which allows for a better 

understanding of the sub-systems of complex systems. The creation and further development of 

systemic approaches at this scale would respond to the need for effective tools for supporting 

strategic decision-making and facilitating communication among stakeholders, ranging from water 

companies to regulatory bodies. Nonetheless, the scalability of the Catchment Metabolism and its 

underpinning methodologies provide a platform to explore and rigorously compare sustainable 

solutions at multiple scales, ranging from local and regional to national and global. The integration 

of indicators accounting for water stress and availability enable an analysis which considers the 

wider water resources context.  

The systemic approach introduced is concise, scalable, flexible, re-producible and easy to use, 

as it is a step-by-step process. Although the focus of the research is the water cycle, the 

underpinning methodology of the modelling schema can be applied to other studies looking at the 

water, carbon or nitrogen natural cycles. In addition, the current work presents its application at a 

wide catchment (water basin) scale. However, it can be applied to diverse catchment systems, 

varying in size (from sub-catchments to tributaries) and metabolisms. The scope and scale of 

application may vary, but the underpinning rules applied and the steps undertaken would remain 

the same. Thus, for the reproduction of the approach for other catchment systems, the experts 

involved would need to follow the structured step-by-step procedure outlined in the results’ 

chapters. The identification of the main actors of the catchment, their activities and interlinked 
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relations would lead to the definition of its metabolism. The outputs for different catchment 

systems would vary dependant on the catchment’s typology (natural setting and conditions) and 

metabolic compartments. The outputs would be further differentiated upon the performance of 

arithmetic calculations- based on catchment-specific investigations, water accounting techniques, 

data availability, and selection of water indices.  

The clearly defined building blocks of the CM schema make it modular: parts of the 

methodology can be disseminated to experts and then assembled to formulate the modelling 

schema. The tools utilised to synthesise the methodology contribute to the delivery of a coherent 

approach and can all be reproducible from the actors involved in asset and catchment 

management projects. Based on the popular concept and methodology of environmental input-

output analysis (E-IO) the Catchment Metabolism modelling schema opens the black box of natural 

flow accounting for business purposes. The Catchment PIOT captures the flows occurring both in 

the interface of biosphere and technosphere, but also within the biosphere alone. This attribute 

enables the use of the schema from a diverse audience of experts, ranging from hydrologists to 

asset managers and engineers and creates the ground for a shared format of information display.  

The complexity of the endeavour of modelling aspects of the water cycles has been highlighted 

in literature (e.g. Valipour et al. 2015) although the value of the existing hydrological models for 

decision-making purposes is challenged (Haberlandt et al. 2009). The transparency of the 

Catchment Metabolism enables the detailed mapping of each of the subsystems of a catchment 

system and highlights the complexities of a catchment system which can be modelled and 

addressed by hydrological models. It therefore enables the integration of the outputs of existing 

hydrological models into policy and decision-making. It can also highlight areas where more robust 

models are required. It can also assist identifying data priorities, the optimum granularity level for 

data gathering, along with the most appropriate data formats for value adding activities, such as 

the improvement of available models. The structure and underpinning methodologies of the 

Catchment Metabolsm modelling schema responds to the urging need to face the lack of 

transparency and irreproducibility of hydrological modelling approaches and tools (Stodden et al. 

2016).  

There is an emerging consensus that accounting for environmental assets- including water 

resources - would provide a valuable, comprehensive and integrated information set to guide 

environmental management and monitoring and policy-making (Hein et al. 2015; Obst and Vardon 

2014) in public and corporate levels. Likewise, as Richter (2003) suggests, the use of environmental 

flows research allows for a clearer explanation about the distinction between ecosystem functions 
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and ecosystem services. Indeed, the methodology presented sheds light on this confusion: the 

function occurs as part of the stakeholder ‘ecosystem’ and the outputs of the function are either 

environmental flows –those that return to the environment- or ecosystem services – which are the 

‘economic flows’ of the biosphere to the technosphere, therefore, the contribution of the 

environment to the human wellbeing. Making use of the literature on the economic valuation of 

ecosystem services, economic values and costs can be estimated for all quadrants of the 

Catchment PIOT. Therefore, it can serve as the ground to build an economic model. The 

supplementary use of Earth System Modelling (Arbault et al. 2014) would provide further details 

on how flows are circulated within the catchment boundaries, especially for those ‘critical’ flows 

for the environment, e.g. stock flows.  

Further, recent works (Pedro-Monzonís et al. 2016a,b; Hein et al. 2015; Dimova et al. 2014; 

Obst and Vardon 2014; Čuček et al. 2012) have demonstrated that the environmental and water 

accounting approaches, although simple in nature, are resource intensive and require the 

collection of data from multiple stakeholders and the aggregation of information at different 

scales. The design and application of the Catchment Metabolism modelling schema suffers from 

the same issues while the dubious availability of the datasets and the aggregation of information 

in a uniform format increases its complexity. The transdisciplinary character of such works stress 

the need for knowledge exchange and alignment of perspectives. More example case study 

applications may provide further practical insights and facilitate the integration of the 

methodology in every day practice. Nevertheless, the introduction of functional modelling 

(through IDEF0) for data collection and information display facilitates these tasks and creates 

common ground for information display in a concise way. The inclusion of information regarding 

the controls and mechanisms of a system or a process allows for holistic views and approaches to 

be implemented.  

The “footprint family” suite of indicators (Galli et al. 2012), the water footprint (WF), the 

ecological footprint (EF) and the carbon footprint (CF), have been applied in literature as the 

underpinning methods for multi-regional input-output (MRIO) analyses. Ewing et al. (2012) 

introduced the MRIO-F (Multi-Regional Input-Output-Footprint) model, as a method to calculate 

national and regional ecological and water footprint values at the product-specific level, utilising 

the generic MRIO framework. The coupling methodology introduced was aimed at the 

harmonisation and further improvement of the EF and WF computations and the linkage of MRIO 

with footprint databases for international trade and product supply-chains. The work suggested 

that the combination of the methods increased the transparency in the analysis and provided a 
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structure for further methodological improvements. In this vein, the use of the WF suite of 

indicators has shaped the water inventory of the Catchment PIOT and the creation of the water 

accounts for the catchment’s stakeholders. The WF indices were selected as a powerful 

communication tool (Vanham and Bidoglio 2013; Galli et al. 2012) whose arithmetic values could 

be integrated in a catchment-based hydrological analysis.  

Nonetheless, the design of the methodologies underpinning the water accounts for the case 

study presented- the Poole Harbour Catchment- suffers from several limitations, some of which 

result from the WF methodology per se. For the computation of the WF components of the 

catchment’s actors (e.g. water company, agriculture) and their assessment against local 

conditions, multiple data sources were used, selected to serve the research purposes within the 

limited timescales of the project. For instance, the computations of the crop-related WF 

components were based on hydrometric data from the CLIMAT (2.0, FAO 2012b) database, as 

catchment-specific data could not be integrated in the CROPWAT (8.0, FAO 2012a) software due 

to formatting issues. Similarly, several assumptions were made regarding the hydrological 

parameters of the example (Poole Harbour) and its adjacent catchments. Met Office (MORECS) 

data were not available at a catchment scale and thus, it was assumed that the hydrometric values 

from the two adjacent MORECS squares would represent the natural water budget of the example 

catchment. Same assumption applies for the crop types and their water requirements, which were 

computed based on data from meteorological stations (Exeter, Bournemouth) located in adjacent 

catchments. Data availability and consistency among databases are defined as the primary 

limitations of the WFA methodology (Vanhan and Bidoglio 2013). For the use of the methodology 

as part of the Catchment Metabolism modelling schema and its application across the UK water 

sector, data aggregated at a catchment scale are required. Aggregating existing data in the 

catchment level would facilitate and stimulate the industrial uptake of the schema.  

Further, a number of assumptions and simplifications were made for the construction of the 

actors’ water accounts. The simplifications for the agriculture-related WF computations align with 

assumptions made in previous works for other parts of the UK (Zhang et al. 2014, report no 

RESE000355). The WF methodology applied for the urban water cycle was based on a modified WF 

methodology as introduced in recent literature (e.g. Morera et al. 2016) and was populated with 

data provided from the project’s industrial partner. Site-specific data were obtained for example 

infrastructure assets located in the Poole Harbour Catchment. The results are therefore only 

indicative and serve as a means to show the applicability of the methodologies created. In both 

cases, the accounts created suffer from the limitations of the grey water footprint methodology, 
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which is not yet complete and requires further improvements and standardisation (Vanhan and 

Bidoglio 2013; Thaler et al. 2012).  

Last but far from least, the WFA methodology is considered a rather partial tool, as 

acknowledged by the Water Footprint Network research group itself (Hoekstra et al. 2011). Thus, 

the water footprint indicators do not account for a number of hydrological aspects, such as 

flooding, nor for infinite resources closely linked to water resources, such as land. Thus, the use of 

the water footprint family as the underpinning method of the Catchment PIOT water accounts 

limits the environmental outputs computed to water-related alone. To overcome this limitation, 

the accounting or inventory of the Catchment PIOT could be re-designed based on models 

harmonising the footprint family indicators (e.g. Ewing et al. 2012). It could also be expanded to 

include processes occurring outside the catchment boundaries (e.g. the phase of fertiliser 

production), which have been treated as externalities for the undertaken research. The use of LCA 

as complementary tool for the environmental assessment of processes occurring outside of the 

system’s (catchment) boundaries would enable a trans-boundary assessment. In such studies, 

caution should be paid in the possibility of double-counting water flows either between 

catchments or between processes, i.e. direct and indirect use of water. Uncertainty analysis 

methods could also be coupled with the modelling (e.g. Cai et al. 2016) to provide more robust 

approaches and results.  

7.3. Opportunities arising: Future work  

This section summarises the research opportunities arising from the work presented. These relate 

to the gaps of the current form of the Catchment Metabolism modelling schema or to its further 

development in order to contribute to other research fields and be transferred to industrial and 

policy practice.  

The research undertaken to date has shown the application of the Catchment Metabolism 

schema for the creation of the Catchment Physical Input-Output Table (PIOT) describing physical, 

water-related flows and outputs. Nonetheless, it could be applied to studies related to other 

physical flows, such as energy. The construction of Catchment PIOTs for different flows would 

reveal trade-offs among strategic decisions. For example, it could show in a structured and 

straight-forward format whether wastewater purification increases energy consumption; thus, 

carbon emissions. The schema can also be used to compare the environmental performance of 

management scenarios for green (e.g. construction of wetlands) and grey (e.g. wastewater 
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treatment plant) infrastructure solutions, responding to the current demand for ecosystem-based 

water resources management (Vörösmarty et al. 2015; Palmer et al. 2015).  

The structure of the Catchment PIOT could be used to show monetary flows. These would result 

either from the monetisation or economic evaluation of the physical flows (e.g. water) or from cost 

or value-related computations. For the latter, the creation of a new methodology and the 

integration of relevant metrics and indexes would be necessary. Following the rationale of the 

creation of the methodologies underpinning the water-related Catchment PIOT, the research field 

of Life Cycle Costing (LCC) could serve as the basis of the methodology. A combination of literature 

from ecosystem services, cost and value modelling would then be employed for the creation of 

the methodology.  

Further on the expansion of the Catchment Metabolism modelling schema, its water 

accounting and output methodologies could be coupled with Geographical Information Systems 

(GIS) to enable spatially-explicit models. The coupling of GIS with Life Cycle Assessment (LCA) is 

gaining popularity in literature (e.g. Geyer et al. 2010) for both inventory and impact assessment 

modelling. These studies mainly look at the impacts of land use on biodiversity. The coupling of 

the Catchment Metabolism and its metrics with GIS would require the coupling of water 

footprinting techniques with GIS programming languages (e.g. Python) in order to support the 

creation of water-related thematic maps. These would consist of water accounting figures, such as 

water footprints, or of water-related outputs, such as water pollution levels. The creation of such 

maps would inform decision-making and the communication of the research results to non-expert 

audiences.  

The combination of Life Cycle Thinking and Integrated Catchment Management has formulated 

the rationale of the Catchment Metabolism schema and arguments for the implementation of 

holistic, synergistic asset management. Future work may further investigate the synergies between 

the two research fields and, more specifically, explore the application of consequential Life Cycle 

Assessment (c-LCA) for catchment-based assessments. The creation of novel approaches for 

spatially and temporally explicit LCAs would respond to the current methodological challenges of 

LCA, requiring uniform systems boundaries and the integration of the temporal and dynamic 

components in the LCA methodology (McManus and Taylor 2015). Such methodological 

improvements could not only contribute to the standardisation of water-related c-LCA for regional 

scale indicators, characterisation factors and environmental analyses, but also prove beneficial for 

LCA applications, such as, land use and bioenergy.  
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For the work presented, the Catchment Physical Input-Output Table (Catchment PIOT) is 

destined for single-region assessments, as the outputs depicted in the table are deriving from the 

stakeholders/sectors located in a particular region: the catchment. The same principles would 

apply for studies looking at transboundary water issues (between multiple catchments) where 

multi-regional input output analysis would be applicable. Further, the case study presented refers 

to a rural catchment, whose metabolism has been analysed for proof-of-concept purposes. 

Nonetheless, each catchment is unique and needs to sustain a certain metabolism on which its 

whole internal structure depends. Thus, in order to sustain the particular metabolism of each 

catchment or catchment ‘type’, their thorough, systemic and holistic study is required. Further 

research on the generalisation of the Catchment Metabolism schema for typologies of catchments 

would involve the application of the schema for multiple, diverse catchments and metabolisms. 

The classification of catchments according to the Water Framework Directive (2000/60/EC) based 

on the challenges faced by the water courses or catchment types according to water uses and 

stakeholders would serve as future research case projects. The further development of the 

Catchment Metabolism schema would require the active involvement and input from different 

experts, which would serve the creation of knowledge blocks and ensure the quality of the data 

displayed and produced. The automatisation of some of the processes involved in the creation of 

Catchment PIOTs would facilitate the re-production of the schema for multiple catchments 

systems. A sophisticated Systems Dynamics (SD) model would be required, so that the 

mathematical modelling underpinning the creation of the stakeholders’ Water Accounts (chapter 

6) is embedded in the catchment SD mapping.  

The creation of a sophisticated SD model would then inform catchment-based analyses in 

research areas relating to the nexus of water-food-energy (e.g. UN World Water Development 

Report, 2014) and to the co-ordination among relevant policies (Gleick 2016). Expanding the use 

of the schema is the nexus-related research, would bring the principles of Integrated Catchment 

Management into the areas of Ecosystem Services and Nexus Mapping. Literature (e.g. Malinga et 

al. 2015; Grêt-Regamey et al. 2014) shows a trending interest towards the synthesis of these fields 

and the creation of novel, transdisciplinary methodologies to support sustainable resource 

management.  

The Catchment Metabolism schema has been formulated as an approach to integrate and 

account for other forms of capital, such as the natural capital, in the asset management portfolio 

of the water industry. It is a policy-driven modelling schema, which is designed in order to improve 

the transparency in the environmental accounting of the Asset Management Programmes (AMPs) 
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of the water sector and facilitate the communication with the regulators. It is underpinned by 

clearly-defined rules and its creation is described as a logical, step-by-step process. The schema 

provides structure which enables the further expansion and development of the underpinning 

methodology, in order to serve future industry and policy demands. For example, the Catchment 

PIOT can be used as canvas for embedding sophisticated hydrological models describing either 

natural phenomena or processes among catchment’s actors. The rationale and the unpinning rules 

and methods of the Catchment Metabolism schema and its inventories could also be used to 

formulate a structured approach for integrating the social capital in the strategic planning of the 

water industry. This expansion of the schema would be explored in the context of the field of Socio-

hydrology, i.e. the field which explores the integrated human-hydrology systems and the co-

evolving dynamics, feedbacks and behaviours across multiple time and space scales (Blair and 

Buytaert 2016; Elshafei et al. 2014). Future research in this vein would also involve the exploration 

of the influence of catchment-based, integrated and holistic asset management planning on the 

tariff policy of the UK water sector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
167 

Chapter 8: Conclusions 

The chapter summarises the research tasks undertaken and maps them against their research 

outputs. Then, the original contribution of the research project is discussed, followed by the 

concluding remarks.  

8.1. Summary of Research Tasks and Outputs  

A number of research tasks were undertaken in order to meet objectives of the research project 

undertaken. The research outputs, as mapped against the project’s objectives, are summarised 

below (Table 8.1.).  

i. The rationale of ‘Holistic Asset Management’ (section 5.1.) involves the development of 

strategies which enable the integration of several forms of capital (e.g. built, natural) in the asset 

management portfolio of the water industry. Further, it stresses the need for tackling catchment-

specific issues, such as pollution, in synergistic approaches.  

ii. The Catchment Metabolism modelling schema (sections 5.2.; 5.3.) is grounded on Life Cycle 

Thinking and created based on the synthesis of techniques from the field of Industrial Ecology. The 

conceptualisation of the catchment systems has been formulated by the use of multiple 

diagrammatic representations. All the techniques used were selected for their ability to serve the 

research goal.  

iii. The environmental assessment of the performance of holistic asset management strategies 

was based on the creation of Water Inventories (chapter 6) for each of the stakeholders identified 

for a given catchment system (section 5.3.; chapter 6). The methods selected for the creation of 

the Water Inventories are grounded on the fields of hydrology and water accounting and enable 

the rigorous analysis of the water regimes of multiple water actors, such as the ecosystem, a water 

company or the sector of agriculture.  

iv. The applicability of the modelling schema, water inventories and their underpinning 

methodologies was tested through a case study: the Poole Harbour Catchment (chapter 4; section 

6.5.). A number of scenarios were formulated, each representing a strategy for the synergistic 

tackle of nitrogen pollution in the Poole Harbour Catchment. A Catchment Physical Input-Output 

Table was created for each of the strategies, enabling the analysis and comparison of their 

environmental performance.  

v. The evaluation of the research outcomes and their practical value were discussed in a critical 

analysis (section 7.2.). The methodological strengths and limitations of the of the Catchment 
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Metabolism modelling schema were identified, followed by a discussion on opportunities for 

academic and industrial purposes (section 7.3.).  

Table 8.1.: Research outputs mapped against research objectives.  

Research Objectives Research outputs 

(i) Define ‘Holistic Asset Management’ 

-Integration of several forms of capital (e.g. 

built, natural) in the asset management 

portfolio 

-Synergistic approaches for tackling issues.  

(ii) Select techniques & Define rules for the 

creation of the catchment-based modelling 

schema 

-Modelling schema grounded on Life Cycle 

Thinking and techniques from the field of 

Industrial Ecology.  

-Techniques selected for serving the research 

goal. 

(iii) Determine the tools & create the rules for 

the assessment of the environmental 

performance of holistic asset management 

strategies 

-Stakeholders analysis and Water Inventories.             

-Methods selected to enable a scientifically 

rigorous analysis. 

(iv) Investigate the applicability of the 

research outcomes through an industrial case 

study 

Case study (Poole Harbour Catchment) and 

Scenario Analysis (Chapter 4, section 6.5.).  

(v) Evaluate the practical value of the 

research outcomes 
Critical Analysis (section 7.2.).  

8.2. Contribution to Knowledge 

The research contributes a transdisciplinary, whole-systems approach for conceptualising, 

modelling and analysing catchments as complex asset systems. 

It provides a unique, novel, comprehensive and structured methodology which allows the 

integration of natural capital in the asset management portfolio of the water industry. Its creation 

is based on the synthesis of concepts, tools and methods from a spectrum of disciplines.  

The modelling methodology includes two main features: a modelling schema and a modelling 

inventory. The rules underpinning the creation of both the schema and the inventory are the 

product of a robust knowledge assembly.  

The novelty created from this research encompasses the underpinning methodological 

approach through to the specific rules for analysing the catchment. Figure 8.1. depicts the 

contribution headings, with the rules being the core contribution to knowledge. 
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Figure 8.1.: Research’s Contribution to Knowledge.  

In detail: 

 The methodological approach has determined the boundaries and context to enable a 

catchment (watershed) to be defined as a unit of analysis within asset management.  

 Using systems thinking, the catchment has been represented as an integrated system with 

inputs, outputs and outcomes of the system being identified, enabling a transparent approach for 

holistic asset management.  

 The research has defined the rules for the application of life cycle thinking at a catchment 

scale through the integration of tools from the field of industrial ecology and functional modelling. 

The schema created has been based on these rules and enables the implementation of holistic 

asset management at a catchment scale.  

 The research determined the rules for the integration and joint use of Systems Dynamics and 

Water Accounting. This integration has informed the creation of a whole-systems water inventory 

for flow accounting at a catchment scale, whose outputs feed into the modelling schema. It has 

also investigated the use of indexes from supply chain and product systems management in 

Integrated Catchment Management.  

Together, the methodological approaches presented in this research have integrated concepts 

and techniques on a transdisciplinary basis and thus, enable cross-disciplinary knowledge transfer 

and transidsciplinarity in practice. They have investigated synergies among disciplines and 

research fields, have demonstrated a sophisticated knowledge synthesis process and have created 
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a transparent and re-applicable methodology. The research expands the scope of asset 

management of the water sector, as it assists in addressing challenges related to regulatory 

compliance and strategic planning.  

8.3. Epilogue 

To the author’s view, the research undertaken is a water-related fugue, whose theme is defined 

as ‘sustainable water use’. A structured and meticulous knowledge assembly has enabled the 

delivery of the research outputs, which are grounded on multiple fields. Each of these fields -or 

voices of the fugue- contributed to the creation of robust methodologies for analysing complex 

systems. The multiple ‘voice’ combinations created have resulted from an iterative research 

process, as inspired by the study process of a musical fugue: after the definition of the theme and 

the thorough study of the voices (research fields), synergies were identified and connections were 

made, aiming to the creation of a ‘tuned’ outcome, that preserved the unique features of its 

components.  

The fugue metaphor has enabled the implementation of creativity in practice and the design and 

delivery of an original, truly transdisciplinary research project.  
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APPENDIX A 

APPENDIX A presents the data used to computed the natural water budget of the Poole Harbour Catchment. Processed data from the Met Office (MORECS 

data) and the National River Flow Archive (NRFA) are illustrated, as indicated in the table captions below.  

Table A1: MORECS data on rainfall, potential and actual evaporation and effective precipitation for squares 180 and 181, representing 52% and 48% of the catchment values 

respectively. Data computed for an annual time scale.  
 Annual Rainfall Annual Potential Evap Annual Actual Evap Annual Effective Precip 

Year 
Annual SUMS for 

180 
Annual SUMS 

for 181 
Annual SUMS 

for 180 
Annual SUMS 

for 181 
Annual SUMS 

for 180 
Annual SUMS 

for 180 
Annual SUMS 

for 180 
Annual SUMS 

for 180 

1996 437.6 479.7 437.1 423.8 405 411.4 84.5 123.5 

1997 829.0 846.3 583.1 561.6 642.9 517.4 409.4 314.7 

1998 964.1 976.6 584.7 573.9 566.2 542.4 404.3 435.3 

1999 989.2 982.6 636.9 559.1 550.2 507.7 444.2 473.1 

2000 1120.7 1219.1 561.9 534.6 650 500.9 593.7 718.5 

2001 838.0 884.8 543.9 500.6 498.4 446.4 341.7 441.3 

2002 1110.3 1141.6 564.7 548.5 551.3 530.2 566.5 610 

2003 720.4 757.7 602.1 577.9 466.9 452.9 265.7 305.1 

2004 815.4 826.3 571.1 560.4 538.9 509.6 281.6 322.5 

2005 747.3 704.4 572.6 567.7 532.5 506.8 222.3 201.1 

2006 734.1 773.9 608 610.9 505.3 492.4 238.7 274.8 

2007 970.7 956.4 586.1 583.4 566.3 550.5 407 405 

2008 1001.7 994.3 571.5 568 564.1 554.8 493 478 

2009 934.9 875.9 559.7 582.2 527.3 517.3 412.1 356.4 

2010 758.0 764.1 543.6 547.4 468.2 434.1 300.1 340.7 

2011 745.3 747.7 576.9 579.1 522.5 512.2 231.7 244.3 

2012 1224.7 1197.5 535 537.3 525.2 515.3 703 664.2 

2013 945.6 992.2 583.3 581.6 481.8 471.5 471.4 521.3 

2014 1173.8 1233.7 611.4 613.7 586.5 559.1 594.9 674.4 

2015 868.3 867.9 587.6 595.8 551 538.9 324.4 328.4 

Square 
Average 

873.7 890.2 550.7 540.3 516.4 486.1 385.1 408.9 

Annual 
Catchment 

Average 
881.6 545.7 501.9 396.5 
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Table A2: MORECS data on rainfall, potential and actual evaporation and effective precipitation for squares 180 and 181, representing 52% and 48% of the catchment values 
respectively. Data computed for the dry season: April to September.  

Dry Season: 
April-

September 
Seasonal Rainfall Seasonal Potential Evap Seasonal Actual Evap Effective Precip 

Year 
Seasonal 
SUMS for 

180 

Seasonal 
SUMS for 181 

Seasonal 
SUMS for 180 

Seasonal 
SUMS for 181 

Seasonal 
SUMS for 180 

Seasonal 
SUMS for 181 

Seasonal 
SUMS for 180 

Seasonal 
SUMS for 181 

1996 185.2 204.9 349.3 341.8 318.7 331.7 11.1 20.1 

1997 403.3 352.6 442.7 436 504.1 394.7 31 38.6 

1998 446.9 429.1 425.6 423.4 408.6 393.6 95.1 93.6 

1999 478.5 451.3 424.7 416.7 395.4 367.1 87.7 100.7 

2000 455.3 477.7 399.4 388.6 488.3 356.3 135.9 172.7 

2001 329.5 291 414.7 379.8 370.8 327.6 56.6 61.8 

2002 363.2 375.2 396.6 394.7 392.4 385.1 47.2 56.6 

2003 245.6 244.9 460.6 444 343.6 337.4 13 22.9 

2004 351 338.7 428.8 423 398.1 374.4 43.6 65.3 

2005 329.0 296.0 424.8 423.1 386.8 365.2 51.6 40.8 

2006 262.1 272.6 457.2 466 355.9 350.9 33.1 48.6 

2007 450.9 427.2 432.7 437 414.7 406.9 70.3 61.5 

2008 493.3 499.2 428.2 432.7 421.8 421 140.1 141.6 

2009 341.4 321.3 424.8 442.5 395.1 384.2 22 30.9 

2010 311.7 273.9 428.3 430.9 354.7 319.6 48.6 54.5 

2011 353.4 351.7 435.9 441.1 384.8 379.3 20.6 35.3 

2012 657.5 632 397 398.4 386.5 376.6 258 254 

2013 240.6 244.9 438.6 438.9 338.6 331.5 14.2 32.7 

2014 416.9 415.9 460.4 464.5 437.5 412.9 77.5 116 

2015 430.6 433.1 429.3 436.3 393.4 382.2 46.3 63.2 

Square 
Average 

377.3 366.7 424.98 422.97 394.49 369.91 65.175 75.57 

Seasonal 
Average 

372.2 424.0 382.7 70.2 
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Table A3: MORECS data on rainfall, potential and actual evaporation and effective precipitation for squares 180 and 181, representing 52% and 48% of the catchment values 
respectively. Data computed for the wet season: October to March.  

Wet Season: 
October-March 

Seasonal Rainfall Seasonal Potential Evap Seasonal Actual Evap Effective Precip 

Years 
Seasonal 
SUMS for 

180 

Seasonal 
SUMS for 

181 

Seasonal 
SUMS for 

180 

Seasonal 
SUMS for 

181 

Seasonal 
SUMS for 

180 

Seasonal 
SUMS for 

181 

Seasonal 
SUMS for 

180 

Seasonal 
SUMS for 

181 

1996-1997 404.7 436.3 145.6 133.3 143.9 130.7 171.7 210.2 

1997-1998 472.7 559 158.9 143.9 157.3 140.6 405.7 328.5 

1998-1999 513.1 521.9 151.4 148 149.5 146.4 316 322.6 

1999-2000 472.2 503.3 214 136.4 156.6 134.3 313.4 347.3 

2000-2001 787.2 910.9 138.8 127.4 138.4 126.7 602.5 733.1 

2001-2002 496.6 508.2 150.7 138 152.5 139.1 241.9 262.9 

2002-2003 657.8 674.6 164.3 151.4 151.5 139.5 460.7 490.8 

2003-2004 524.6 567.2 145.8 142.7 127.6 124.3 282.4 318.2 

2004-2005 369.9 401.7 144.6 141.1 143.1 138.6 136.3 157.3 

2005-2006 434.1 406.3 141.2 137.2 139.3 133.9 194.2 166.3 

2006-2007 619.2 683.1 167.5 160.7 166 157.6 348.2 410 

2007-2008 480.5 481 146.9 139.1 145.2 136.4 297.2 291.2 

2008-2009 486.1 474.8 130.5 125.9 129.1 123.4 355.1 342.4 

2009-2010 564.8 531.8 124.5 129.8 122 123.9 356.5 293.9 

2010-2011 419.3 462.6 120.3 118.1 118.5 115.8 233.2 262.8 

2011-2012 328.5 320.9 149.4 150.9 146.4 146 140.6 118 

2012-2013 739.5 743.5 130.8 130.5 131.1 130.8 611.5 596.6 

2013-2014 842.7 918.9 157.4 156.5 156.1 154 582.5 645.2 

2014-2015 549.7 550.7 157.4 150.3 155.3 146.3 311.7 303.2 

2015-2016 583.8 637.5 158.6 162.4 158.1 160.4 412.5 450.3 

Square Average 537.4 564.7 149.93 141.18 144.375 137.435 338.69 352.54 

Seasonal 
Average 

550.5 145.7 141.0 345.3 

 

 

 



 
191 

Tables A4(a), (b): Environmental Flow Requirements of the two main rivers of the Poole Harbour Catchment: Frome and Piddle. Computations performed 

for ‘good’ ecological status, according to the Liu et al. (2016) method. Percentage of mean annual flow (Pij) assumed as Pij= 0.2 for the period October to 

March and as Pij=0.4 for the period April to September. Units in cubic meter (m3) of water.  

(a) FROME                   

 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

Jan 5.6E+06 2.4E+06 9.5E+06 8.6E+06 6.4E+06 8.7E+06 3.1E+06 9.3E+06 6.3E+06 3.4E+06 3.0E+06 7.5E+06 7.0E+06 4.9E+06 6.2E+06 4.9E+06 2.6E+06 9.2E+06 1.1E+07 

Feb 5.9E+06 3.6E+06 4.2E+06 4.8E+06 4.4E+06 7.0E+06 5.5E+06 5.5E+06 5.7E+06 2.6E+06 2.7E+06 6.1E+06 4.9E+06 6.6E+06 5.0E+06 3.9E+06 2.1E+06 7.0E+06 9.4E+06 

Mar 5.0E+06 4.6E+06 4.1E+06 3.9E+06 4.1E+06 7.1E+06 4.9E+06 4.5E+06 4.0E+06 2.4E+06 3.2E+06 7.5E+06 4.3E+06 5.0E+06 5.2E+06 3.3E+06 2.1E+06 5.9E+06 7.3E+06 

Apr 7.5E+06 5.1E+06 8.1E+06 7.2E+06 1.1E+07 1.3E+07 6.7E+06 5.8E+06 6.5E+06 4.7E+06 6.0E+06 6.9E+06 6.3E+06 6.0E+06 9.1E+06 4.6E+06 5.5E+06 9.1E+06 1.0E+07 

May 6.0E+06 5.0E+06 6.2E+06 5.7E+06 1.0E+07 8.2E+06 6.3E+06 5.0E+06 5.4E+06 4.1E+06 6.3E+06 5.4E+06 5.6E+06 4.5E+06 5.7E+06 3.7E+06 8.6E+06 6.4E+06 8.3E+06 

Jun 4.8E+06 3.7E+06 5.5E+06 5.0E+06 5.7E+06 5.1E+06 5.0E+06 3.8E+06 3.9E+06 3.4E+06 4.3E+06 4.2E+06 4.2E+06 3.4E+06 4.0E+06 3.3E+06 7.2E+06 4.5E+06 5.8E+06 

Jul 3.5E+06 3.2E+06 4.6E+06 3.5E+06 4.3E+06 4.3E+06 4.9E+06 3.4E+06 3.6E+06 3.0E+06 3.3E+06 5.3E+06 4.7E+06 3.5E+06 3.2E+06 2.8E+06 1.4E+07 3.5E+06 4.4E+06 

Aug 3.2E+06 3.9E+06 3.5E+06 3.4E+06 3.4E+06 3.3E+06 4.0E+06 2.8E+06 3.2E+06 2.7E+06 2.8E+06 4.8E+06 4.5E+06 4.4E+06 3.4E+06 3.0E+06 7.7E+06 3.1E+06 4.2E+06 

Sep 2.7E+06 2.9E+06 3.4E+06 4.6E+06 3.7E+06 2.9E+06 3.6E+06 2.4E+06 3.0E+06 2.4E+06 2.5E+06 3.8E+06 5.4E+06 3.2E+06 2.9E+06 2.6E+06 5.6E+06 2.7E+06 3.2E+06 

Oct 1.8E+06 1.8E+06 2.9E+06 2.5E+06 3.5E+06 2.6E+06 3.3E+06 1.4E+06 3.0E+06 2.1E+06 2.1E+06 2.0E+06 3.0E+06 1.8E+06 2.1E+06 1.4E+06 5.2E+06 2.1E+06 2.5E+06 

Nov 3.2E+06 4.4E+06 4.5E+06 2.5E+06 7.4E+06 1.9E+06 9.0E+06 2.5E+06 2.6E+06 3.7E+06 3.1E+06 3.4E+06 4.6E+06 4.3E+06 3.0E+06 1.8E+06 7.2E+06 2.6E+06 4.3E+06 

Dec 3.4E+06 6.6E+06 5.3E+06 5.2E+06 9.2E+06 2.7E+06 8.5E+06 4.2E+06 2.8E+06 4.0E+06 5.8E+06 6.0E+06 4.6E+06 8.0E+06 2.9E+06 2.5E+06 8.8E+06 5.3E+06 3.6E+06 

Annual 
Values 

4.4E+06 3.9E+06 5.2E+06 4.7E+06 6.1E+06 5.5E+06 5.4E+06 4.2E+06 4.2E+06 3.2E+06 3.8E+06 5.2E+06 4.9E+06 4.6E+06 4.4E+06 3.1E+06 6.4E+06 5.1E+06 6.2E+06 4.8E+06 

(b) PIDDLE                   

 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

Jan 2.1E+06 9.1E+05 4.4E+06 3.9E+06 2.8E+06 4.1E+06 1.1E+06 4.0E+06 2.2E+06 1.2E+06 1.1E+06 3.6E+06 2.9E+06 1.8E+06 2.5E+06 1.7E+06 9.2E+05 5.0E+06 6.6E+07 

Feb 2.2E+06 1.1E+06 1.9E+06 2.2E+06 1.6E+06 3.5E+06 2.4E+06 2.3E+06 2.4E+06 9.9E+05 9.3E+05 2.5E+06 2.2E+06 2.9E+06 2.2E+06 1.5E+06 7.7E+05 3.9E+06 5.8E+06 

Mar 2.0E+06 1.9E+06 1.6E+06 1.4E+06 1.6E+06 3.1E+06 2.2E+06 1.8E+06 1.6E+06 9.4E+05 1.2E+06 3.4E+06 1.7E+06 2.2E+06 2.2E+06 1.3E+06 7.9E+05 2.7E+06 4.1E+06 

Apr 2.9E+06 2.0E+06 3.3E+06 2.5E+06 3.9E+07 5.9E+07 2.8E+06 2.4E+06 2.6E+06 1.8E+06 2.4E+06 2.8E+06 2.6E+06 2.6E+06 3.9E+06 1.8E+06 1.9E+06 4.2E+06 4.5E+07 

May 2.1E+06 1.5E+06 2.7E+06 2.2E+06 3.9E+07 3.3E+06 2.4E+06 1.9E+06 2.1E+06 1.5E+06 2.3E+06 2.1E+06 2.0E+06 1.7E+06 2.3E+06 1.3E+06 3.1E+06 2.7E+06 3.5E+06 

Jun 1.7E+06 1.3E+06 2.1E+06 1.8E+06 2.2E+06 1.9E+06 1.9E+06 1.5E+06 1.4E+06 1.2E+06 1.6E+06 1.6E+06 1.6E+06 1.2E+06 1.4E+06 1.1E+06 2.3E+06 1.8E+06 2.3E+06 

Jul 1.3E+06 1.0E+06 1.6E+06 1.3E+06 1.6E+06 1.6E+06 1.8E+06 1.2E+06 1.2E+06 8.9E+05 1.2E+06 1.8E+06 1.5E+06 1.0E+06 1.1E+06 9.0E+05 5.0E+07 1.3E+06 1.6E+06 

Aug 1.0E+06 1.3E+06 1.2E+06 1.1E+06 1.2E+06 1.2E+06 1.4E+06 9.5E+05 1.0E+06 7.9E+05 9.3E+06 1.7E+06 1.4E+06 1.2E+06 1.0E+06 9.6E+05 3.0E+06 1.1E+06 1.4E+06 

Sep 8.5E+05 1.1E+06 1.1E+06 1.2E+06 1.2E+06 1.1E+06 1.2E+06 8.5E+05 9.7E+05 7.0E+05 8.4E+06 1.4E+06 1.6E+06 8.9E+05 8.6E+05 8.6E+05 2.3E+06 9.2E+05 1.1E+06 

Oct 4.7E+05 6.2E+05 8.5E+05 7.3E+05 1.2E+06 9.3E+05 8.9E+05 4.3E+05 9.4E+05 5.2E+05 5.7E+06 7.1E+06 9.1E+05 5.0E+05 6.2E+05 4.2E+05 2.1E+06 5.7E+05 7.8E+05 

Nov 9.6E+05 1.5E+06 1.5E+06 7.9E+05 3.2E+06 7.8E+05 2.9E+06 6.9E+05 9.7E+05 9.8E+05 9.6E+06 1.1E+06 1.4E+06 1.2E+06 9.0E+05 5.6E+05 2.9E+06 7.5E+05 1.5E+06 

Dec 1.2E+06 2.6E+06 1.9E+06 1.8E+06 4.4E+06 9.8E+05 3.6E+06 1.3E+06 1.0E+06 1.3E+06 2.5E+06 2.3E+06 1.6E+06 3.3E+06 1.0E+06 7.5E+05 4.3E+06 2.4E+06 1.5E+06 

Annual 
Values 

1.6E+06 1.4E+06 2.0E+06 1.8E+06 2.4E+06 2.4E+06 2.1E+06 1.6E+06 1.5E+06 1.1E+06 1.4E+06 2.1E+06 1.8E+06 1.7E+06 1.7E+06 1.1E+06 2.4+06 2.3E+06 2.9E+06 1.9E+06 

Catchment 6.6E+06 
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APPENDIX B 

Appendix B presents the data produced from the CROPWAT 8.0 model (FAO 2012a). This model was used for the computation of the components of the 

Water Footprints of the actor ‘Agriculture’ in sub-section 6.3.3. The CLIMWAT 2.0 data from two stations (Exeter and Bournemouth) are presented in Tables 

B1 and B2, followed by the CROPWAT 8.0 results for the crops cultivated in the areas of Exeter (Tables B3 i-vi) and Bournemouth (Table B4 i-vi).  

Table B1: Climatological Data abstracted from CLIMWAT 2.0 (FAO 2012b) for the Exeter station.  

Month Min 
Temp 

Max 
Temp 

Humidity Wind Sun Rad ETo Rain Eff 
rain  

°C °C % km/day hours MJ/m²/day mm/day mm mm 

January -5.7 12.4 86 432 1.7 3.1 1.2 97 81.9 

February -3.6 12.6 82 432 2.2 5.1 1.41 73 64.5 

March -3.4 15 79 441 3.6 9 2.04 64 57.4 

April -1.3 18.4 80 423 5.1 13.7 2.74 52 47.7 

May 1 21.4 81 380 6.1 17.2 3.38 58 52.6 

June 4.6 24.9 79 354 6.7 19 4.08 50 46 

July 6.7 26.3 80 354 6.3 17.9 4.08 43 40 

August 5.8 25.2 82 337 5.7 15.2 3.5 56 51 

September 3.2 23 83 346 4.6 11 2.75 60 54.2 

October 0.1 19.3 86 346 3 6.4 1.83 77 67.5 

November -3.1 15.4 85 380 8.8 7.4 1.26 74 65.2 

December -4.6 13.5 86 415 1.7 2.6 1.2 90 77 

Average 0 18.9 82 387 4.6 10.6 2.46 794 705.2 
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Table B2: Climatological Data abstracted from CLIMWAT 2.0 (FAO 2012b) for the Bournemouth station.  

Month 
Min 

Temp 
Max 

Temp 
Humidity Wind Sun Rad ETo Rain 

Eff 
rain 

 °C °C % km/day hours MJ/m²/day mm/day mm mm 

January 1 7.6 85 406 1.9 3.2 0.69 89 76.3 

February 1 7.8 81 406 2.8 5.5 0.97 61 55 

March 2 10 78 415 3.9 9.2 1.48 66 59 

April 3.5 12.8 79 389 5.7 14.4 2.04 48 44.3 

May 6.5 16.1 79 372 6.8 18.1 2.72 55 50.2 

June 9.5 19.3 79 346 7.2 19.6 3.26 54 49.3 

July 11.3 21.4 79 337 7.1 18.9 3.45 40 37.4 

August 11.1 21.1 80 337 6.5 16.1 3.03 56 51 

September 9.1 18.6 84 328 5.1 11.4 2.04 66 59 

October 6.9 15.1 83 346 3.5 6.8 1.38 80 69.8 

November 3.2 10.8 84 372 2.5 3.9 0.88 84 72.7 

December 1.7 8.6 85 397 1.8 2.6 0.68 90 77 

Average 5.6 14.1 81 371 4.6 10.8 1.89 789 701.2 
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Tables B3: Results of the CROPWAT 8.0 model (FAO 2012a) for the crops cultivated in the Exeter area.  

(i): Barley. Planting date: 10th of March. 

Month Decade Stage Kc ETc ETc Eff rain Irr. Req.    
coeff mm/day mm/dec mm/dec mm/dec 

Mar 1 Init 0.3 0.55 0.5 2 0.5 

Mar 2 Init 0.3 0.61 6.1 19.2 0 

Mar 3 Deve 0.4 0.91 10 18.1 0 

Apr 1 Deve 0.79 1.97 19.7 16.5 3.2 

Apr 2 Mid 1.17 3.19 31.9 15.2 16.7 

Apr 3 Mid 1.28 3.77 37.7 16 21.7 

May 1 Mid 1.28 4.04 40.4 17.3 23.1 

May 2 Mid 1.28 4.32 43.2 18 25.1 

May 3 Mid 1.28 4.61 50.7 17.1 33.6 

Jun 1 Late 1.26 4.83 48.3 16.1 32.2 

Jun 2 Late 0.99 4.02 40.2 15.3 24.8 

Jun 3 Late 0.64 2.62 26.2 14.7 11.6 

Jul 1 Late 0.35 1.44 10.1 9.5 0 

(ii): Maize. Planting date: 1st of April.  

Month Decade Stage Kc ETc ETc Eff rain Irr. Req.    
coeff mm/day mm/dec mm/dec mm/dec 

Apr 1 Init 0.3 0.75 7.5 16.5 0 

Apr 2 Init 0.3 0.82 8.2 15.2 0 

Apr 3 Deve 0.46 1.37 13.7 16 0 

May 1 Deve 0.76 2.41 24.1 17.3 6.8 

May 2 Deve 1.06 3.58 35.8 18 17.7 

May 3 Mid 1.31 4.75 52.2 17.1 35.1 

Jun 1 Mid 1.34 5.15 51.5 16.1 35.5 

Jun 2 Mid 1.34 5.46 54.6 15.3 39.3 

Jun 3 Mid 1.34 5.47 54.7 14.7 40 

Jul 1 Late 1.27 5.19 51.9 13.5 38.4 

Jul 2 Late 0.96 3.92 39.2 12.6 26.6 

Jul 3 Late 0.61 2.39 26.3 14.1 12.2 

Aug 1 Late 0.38 1.42 4.2 4.8 0 

(iii): Spring Wheat. Planting date: 10th of March.  

Month 
Decad

e 
Stage Kc ETc ETc Eff rain Irr. Req. Etgreen Etblue 

   coeff mm/day mm/dec mm/dec mm/dec mm/period mm/period 

Mar 1 Init 0.3 0.55 0.5 2 0.5 0 0.5 

Mar 2 Init 0.3 0.61 6.1 19.2 0 6.1 0 

Mar 3 Init 0.3 0.68 7.5 18.1 0 7.5 0 

Apr 1 Deve 0.31 0.78 7.8 16.5 0 7.8 0 

Apr 2 Deve 0.54 1.49 14.9 15.2 0 14.9 0 

Apr 3 Deve 0.87 2.56 25.6 16 9.6 16 9.6 

May 1 Mid 1.18 3.73 37.3 17.3 20 17.3 20 

May 2 Mid 1.27 4.29 42.9 18 24.9 18 24.9 

May 3 Mid 1.27 4.59 50.5 17.1 33.3 17.2 33.3 

Jun 1 Mid 1.27 4.88 48.8 16.1 32.8 16 32.8 

Jun 2 Late 1.25 5.1 51 15.3 35.6 15.4 35.6 

Jun 3 Late 0.99 4.06 40.6 14.7 25.9 14.7 25.9 

Jul 1 Late 0.67 2.74 27.4 13.5 13.9 13.5 13.9 

Jul 2 Late 0.4 1.62 11.3 8.8 0 11.3 0 
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(iv): Spring Oilseed rape. Planting date: 10th of April. 

Month Decade Stage Kc ETc ETc Eff rain Irr. Req. 
   coeff mm/day mm/dec mm/dec mm/dec 

Apr 1 Init 0.7 1.75 17.5 16.5 1 

Apr 2 Init 0.7 1.92 19.2 15.2 3.9 

Apr 3 Deve 0.78 2.3 23 16 7 

May 1 Deve 0.92 2.92 29.2 17.3 11.9 

May 2 Deve 1.07 3.61 36.1 18 18 

May 3 Mid 1.13 4.09 45 17.1 27.8 

Jun 1 Mid 1.13 4.35 43.5 16.1 27.4 

Jun 2 Late 1.13 4.61 46.1 15.3 30.8 

Jun 3 Late 1.09 4.43 44.3 14.7 29.7 

Jul 1 Late 1.04 4.24 16.9 5.4 10.2 

(v): Winter Wheat. Planting date: 10th of October. 

Month Decade Stage Kc ETc ETc Eff rain Irr. Req.    
coeff mm/day mm/dec mm/dec mm/dec 

Oct 1 Init 0.4 0.85 0.9 2.1 0.9 

Oct 2 Init 0.4 0.73 7.3 23.2 0 

Oct 3 Init 0.4 0.66 7.2 22.7 0 

Nov 1 Init 0.4 0.58 5.8 21.6 0 

Nov 2 Init 0.4 0.51 5.1 21.1 0 

Nov 3 Init 0.4 0.5 5 22.6 0 

Dec 1 Init 0.4 0.49 4.9 24.6 0 

Dec 2 Init 0.4 0.48 4.8 26 0 

Dec 3 Init 0.4 0.48 5.3 26.4 0 

Jan 1 Init 0.4 0.48 4.8 27.5 0 

Jan 2 Init 0.4 0.48 4.8 28.4 0 

Jan 3 Init 0.4 0.51 5.6 26.1 0 

Feb 1 Init 0.4 0.54 5.4 23.1 0 

Feb 2 Init 0.4 0.56 5.6 21 0 

Feb 3 Init 0.4 0.65 5.2 20.4 0 

Mar 1 Init 0.4 0.73 7.3 20 0 

Mar 2 Deve 0.4 0.82 8.2 19.2 0 

Mar 3 Deve 0.49 1.12 12.3 18.1 0 

Apr 1 Deve 0.61 1.53 15.3 16.5 0 

Apr 2 Deve 0.73 1.99 19.9 15.2 4.6 

Apr 3 Deve 0.84 2.48 24.8 16 8.8 

May 1 Deve 0.95 3.02 30.2 17.3 12.9 

May 2 Deve 1.07 3.62 36.2 18 18.1 

May 3 Deve 1.19 4.3 47.3 17.1 30.2 

Jun 1 Mid 1.26 4.84 48.4 16.1 32.3 

Jun 2 Mid 1.26 5.13 51.3 15.3 36 

Jun 3 Mid 1.26 5.13 51.3 14.7 36.7 

Jul 1 Mid 1.26 5.14 51.4 13.5 37.8 

Jul 2 Mid 1.26 5.14 51.4 12.6 38.8 

Jul 3 Mid 1.26 4.89 53.8 14.1 39.8 

Aug 1 Mid 1.26 4.65 46.5 16 30.5 

Aug 2 Late 1.2 4.19 41.9 17.3 24.6 

Aug 3 Late 0.81 2.65 29.1 17.6 11.5 

Sep 1 Late 0.41 1.23 11.1 15.7 0 
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(vi): Winter Oilseed rape. Planting date: 10th of August.  

Month Decade Stage Kc ETc ETc Eff rain Irr. Req.    
coeff mm/day mm/dec mm/dec mm/dec 

Aug 1 Init 0.7 2.59 2.6 1.6 2.6 

Aug 2 Init 0.7 2.45 24.5 17.3 7.2 

Aug 3 Deve 0.7 2.29 25.2 17.6 7.6 

Sep 1 Deve 0.81 2.42 24.2 17.4 6.8 

Sep 2 Deve 0.95 2.6 26 17.6 8.4 

Sep 3 Mid 1.09 2.65 26.5 19.3 7.3 

Oct 1 Mid 1.13 2.4 24 21.5 2.6 

Oct 2 Mid 1.13 2.06 20.6 23.2 0 

Oct 3 Late 1.12 1.84 20.3 22.7 0 

Nov 1 Late 1.07 1.56 15.6 21.6 0 

Nov 2 Late 1.03 1.31 2.6 4.2 2.6 

Tables B4: Results of the CROPWAT 8.0 model (FAO 2012a) for the crops cultivated in the Bournemouth area.  

(i): Barley. Planting date: 10th of March. 

Month Decade Stage Kc ETc ETc Eff rain Irr. Req. 
   coeff mm/day mm/dec mm/dec mm/dec 

Mar 1 Init 0.3 0.39 0.4 2 0.4 

Mar 2 Init 0.3 0.45 4.5 20.5 0 

Mar 3 Deve 0.39 0.65 7.2 18.6 0 

Apr 1 Deve 0.75 1.39 13.9 15.8 0 

Apr 2 Mid 1.09 2.23 22.3 13.8 8.5 

Apr 3 Mid 1.19 2.71 27.1 14.8 12.3 

May 1 Mid 1.19 2.98 29.8 16.3 13.5 

May 2 Mid 1.19 3.25 32.5 17 15.4 

May 3 Mid 1.19 3.46 38.1 16.8 21.2 

Jun 1 Late 1.17 3.62 36.2 16.9 19.3 

Jun 2 Late 0.93 3.02 30.2 16.9 13.2 

Jun 3 Late 0.61 2.03 20.3 15.5 4.8 

Jul 1 Late 0.34 1.16 8.2 9.1 0 

(ii): Maize. Planting date: 1st of April.  

Month Decade Stage Kc ETc ETc Eff rain Irr. Req.    
coeff mm/day mm/dec mm/dec mm/dec 

Apr 1 Init 0.3 0.56 5.6 15.8 0 

Apr 2 Init 0.3 0.61 6.1 13.8 0 

Apr 3 Deve 0.45 1.02 10.2 14.8 0 

May 1 Deve 0.72 1.79 17.9 16.3 1.6 

May 2 Deve 0.99 2.69 26.9 17 9.8 

May 3 Mid 1.22 3.53 38.9 16.8 22.1 

Jun 1 Mid 1.24 3.83 38.3 16.9 21.4 

Jun 2 Mid 1.24 4.05 40.5 16.9 23.6 

Jun 3 Mid 1.24 4.13 41.3 15.5 25.8 

Jul 1 Late 1.18 3.99 39.9 13 26.9 

Jul 2 Late 0.9 3.1 31 11.3 19.7 

Jul 3 Late 0.59 1.94 21.4 13.2 8.2 

Aug 1 Late 0.38 1.2 3.6 4.7 0 
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(iii): Spring Wheat. Planting date: 10th of March.  

Month Decade Stage Kc ETc ETc Eff rain Irr. Req. 
   coeff mm/day mm/dec mm/dec mm/dec 

Mar 1 Init 0.3 0.39 0.4 2 0.4 

Mar 2 Init 0.3 0.45 4.5 20.5 0 

Mar 3 Init 0.3 0.5 5.5 18.6 0 

Apr 1 Deve 0.31 0.57 5.7 15.8 0 

Apr 2 Deve 0.52 1.07 10.7 13.8 0 

Apr 3 Deve 0.82 1.86 18.6 14.8 3.8 

May 1 Mid 1.11 2.76 27.6 16.3 11.3 

May 2 Mid 1.19 3.24 32.4 17 15.3 

May 3 Mid 1.19 3.45 37.9 16.8 21.1 

Jun 1 Mid 1.19 3.66 36.6 16.9 19.7 

Jun 2 Late 1.17 3.82 38.2 16.9 21.2 

Jun 3 Late 0.94 3.11 31.1 15.5 15.7 

Jul 1 Late 0.64 2.17 21.7 13 8.6 

Jul 2 Late 0.39 1.34 9.4 7.9 0 

(iv): Spring Oilseed rape. Planting date: 10th of April. 

Month Decade Stage Kc ETc ETc Eff rain Irr. Req.    
coeff mm/day mm/dec mm/dec mm/dec 

Apr 1 Init 0.7 1.3 13 15.8 0 

Apr 2 Init 0.7 1.43 14.3 13.8 0.5 

Apr 3 Deve 0.77 1.74 17.4 14.8 2.7 

May 1 Deve 0.89 2.23 22.3 16.3 6 

May 2 Deve 1.02 2.77 27.7 17 10.7 

May 3 Mid 1.08 3.12 34.3 16.8 17.5 

Jun 1 Mid 1.08 3.31 33.1 16.9 16.3 

Jun 2 Late 1.08 3.5 35 16.9 18.1 

Jun 3 Late 1.03 3.43 34.3 15.5 18.8 

Jul 1 Late 0.98 3.33 13.3 5.2 6.8 
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(v): Winter Wheat. Planting date: 10th of October. 

Month Decade Stage Kc ETc ETc Eff rain Irr. Req.    
coeff mm/day mm/dec mm/dec mm/dec 

Oct 1 Init 0.4 0.64 0.6 2.2 0.6 

Oct 2 Init 0.4 0.55 5.5 23.6 0 

Oct 3 Init 0.4 0.49 5.3 23.8 0 

Nov 1 Init 0.4 0.42 4.2 23.9 0 

Nov 2 Init 0.4 0.35 3.5 24.2 0 

Nov 3 Init 0.4 0.33 3.3 24.7 0 

Dec 1 Init 0.4 0.3 3 25.3 0 

Dec 2 Init 0.4 0.27 2.7 25.9 0 

Dec 3 Init 0.4 0.27 3 25.7 0 

Jan 1 Init 0.4 0.27 2.7 26.2 0 

Jan 2 Init 0.4 0.27 2.7 26.4 0 

Jan 3 Init 0.4 0.31 3.4 23.7 0 

Feb 1 Init 0.4 0.35 3.5 19.9 0 

Feb 2 Init 0.4 0.39 3.9 17.2 0 

Feb 3 Init 0.4 0.46 3.7 18 0 

Mar 1 Init 0.4 0.53 5.3 19.8 0 

Mar 2 Deve 0.4 0.6 6 20.5 0 

Mar 3 Deve 0.48 0.81 8.9 18.6 0 

Apr 1 Deve 0.59 1.1 11 15.8 0 

Apr 2 Deve 0.7 1.43 14.3 13.8 0.4 

Apr 3 Deve 0.8 1.82 18.2 14.8 3.4 

May 1 Deve 0.91 2.26 22.6 16.3 6.3 

May 2 Deve 1.01 2.75 27.5 17 10.5 

May 3 Deve 1.12 3.25 35.7 16.8 18.9 

Jun 1 Mid 1.18 3.64 36.4 16.9 19.6 

Jun 2 Mid 1.18 3.85 38.5 16.9 21.6 

Jun 3 Mid 1.18 3.93 39.3 15.5 23.8 

Jul 1 Mid 1.18 4 40 13 27 

Jul 2 Mid 1.18 4.08 40.8 11.3 29.4 

Jul 3 Mid 1.18 3.91 43 13.2 29.8 

Aug 1 Mid 1.18 3.74 37.4 15.6 21.8 

Aug 2 Late 1.13 3.41 34.1 17.2 16.9 

Aug 3 Late 0.77 2.08 22.9 18 4.9 

Sep 1 Late 0.4 0.95 8.5 16.8 0 

(vi): Winter Oilseed rape. Planting date: 10th of August.  

Month Decade Stage Kc ETc ETc Eff rain Irr. Req.    
coeff mm/day mm/dec mm/dec mm/dec 

Aug 1 Init 0.7 2.21 2.2 1.6 2.2 

Aug 2 Init 0.7 2.12 21.2 17.2 4 

Aug 3 Deve 0.7 1.9 20.9 18 2.8 

Sep 1 Deve 0.79 1.87 18.7 18.7 0 

Sep 2 Deve 0.91 1.86 18.6 19.6 0 

Sep 3 Mid 1.03 1.88 18.8 20.8 0 

Oct 1 Mid 1.06 1.71 17.1 22.3 0 

Oct 2 Mid 1.06 1.47 14.7 23.6 0 

Oct 3 Late 1.06 1.29 14.2 23.8 0 

Nov 1 Late 1.01 1.06 10.6 23.9 0 

Nov 2 Late 0.97 0.85 1.7 4.8 1.7 

 


